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CHAPTER I. 

Introduction. 

Slno« th« adT^nt of th« telephone into the oommeroiaX 
world telephone engineere hsTe been oenstantly turning their 
effort! towmrd aeouring gifeater effioienoy of apeeoh tranamiaaion. 
At firat the laain diffioultiea aroae in the telephone inatrumenta 
thenaelrea, due to the erude typea of tranamittera and reoeirera 
uaed at that time, fhe aenaitireneaa of the early tranamittera 
waa greatly improTed by the Blake tranamitter and finally a etni 
more aenaitire tranamitter waa plaoed on the market, rist- the 
solid baok type, fhe reoeiTera alao underwent ohangea until 
finally the bipolar type haa been looked upon aa the beat adapt- 
ed for praetioal purpoaea. Purther improTementa in the oonatruo- 
tion of the tranamitter and reoeiTer hare been at a atandatill 
for aereral yeara. It haa been found that a highly aenaitiTe re- 
oeiTer ia of no partioular adrantage beoauae both deairable and 
undeairable aounda are magnified equally. 

The early telephone linea were oonatruoted baring a 
ground return, but thia waa found to be rery diaadTantageoTia, due 
to the many diaturbanoea in the eirouit. Mr. Carty, now of the 
Ameroian Telephone and Telegraph Company, auggeated the uae of 
an entire metallic circuit. With the uae of the metallic circuit 
the apeech tranamiaaion waa greatly improTed orer that of the 
ground return due to the fact that the line diaturbanoea were 
greatly reduced. Iron and steel wire were uaed at firat but fin- 
ally the hard drawn copper wire waa brought into uae and waa 
found to be a great improTement oyer the iron and ateel wire. 
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owing to tho faot that tho line loases were greatly reduoed. 

Sxuring the early years of the telephone there waa little 
neoesaity for the etudy of long diatanoe telephony beoauae all 
oonmmioatlon orer the telephone waa oarried on within the limit a 
of one olty and the diatanoe of tranamiaaion waa limited to a 
few miles. Howeyer, it waa not long before the demand aroae for 
inter'Oommanioation between eitiea. Up to thia time the main 
diff ieultiea enootintered had been with Imperfeet tranamitting 
and reoelTlng apparatoa and with disturbanoea in the line due to 
indnotlon from power wirea, atray onrrents, ete« But with the 
IntrodxMtion of the lozig-distanoe line, new, unheard of dlffioul- 
tlea made themaelTes apparent. It waa found that eren on the beat 
llnea apeeoh oould not be transmitted more than one-hundred miles. 
Thia faot lead suoh men as Sir OllTer HeaTlside and Profeaaor M. 
I* Pupin into a study of the long diatanoe telephone line, and 
through their efforts, espeolally those of the latter the diatanoe 
of speech tranamiaaion has been lengthened many fold. 

Profeaaor Pupin dOTlaed an entirely new meana of improv- 
ing apeeoh transmission orer long lines. He attacked the problem 
by maldng a study of the line Itself with respeot to the line con- 
stants, namely, resistance. Inductance, capacity and conductance. 
He found that as an electric waTe progreased along the line from 
the tranamitting end to the reoelTlng end Tarlous influences 
cauaed the waye to become attenuated and distorted so that by the 
time it reached the reoelTlng apparatua the waTC had an. entirely 
different amplitude and shape than the original waTo. The conse- 
quence of thia was that the apeeoh heard at the reoelTlng end waa 
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antiroly different in volume and quality from the speech trans- 
mitted# How by changing the line constants by means of auxil- 
iary inductances he found that the telephone wayes could be 
transmitted with better efficiency^ The method used for in- 
creasing the efficiency of wave transmission is termed **loading** 
and consists of spacing coils of known inductance at certain 
points along the line* This method is used almost uniTcrsally 
in the United States and in many foreign countries # 

Ho doubt the invention of the loading coll has done 
more toward extending the limit of telephone transmission than 
has any other in vent i on # However « it has greatly increased the 
initial expense of constructing long distance telephone lines 
and furthermore increases the expense of maintenance # 

This thesis was conducted with the purpose in view of 
studying the current and voltage relations in long«»distanoe 
telephone lines and« if possible^ of effecting an inqprovement 
in the transmission of speech over long lines^ by means of 
additional terminal apparatus « 
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OHAPTSR II. 

Theory of Long Di«taao« Traasmission. 

L«t yig.l r«8pr«««nt, Aiagranmatioally, • long>di0taao« 
t«l«phon« lln« with a telaphona sat brldgad aoross tha and of tha 
llna. Brary Una has a oartain rasistaaoa and induotanoa. Thara 
is also a oapaoity effaot and oonduotanoa batwaan tha two sidas 
of tha llna. In tha skatoh tha rasistaaoa, Induotaaoe, oapacity 
and oonduotanoa ara shoim groupad at points along tha Una. How- 
arar in tha raal lina tha resistanoa, indnotanoe, oapaoity and 
oonduotanoa ara uniformly distributed OTar tha entira length of 
the line. 

Hotation. 

b s susoaptaaoe per unit loop distaaoe - STTfo 

■ eapaoity w » « » 

q « oonduotanoa " •• •• •» 

f « frequeney «• »• » w 

L • induotanoe » » « » 

B « rasistanoe » » w » 

X - induotiTe reaotanoe per unit loop distanoe 

y • admittanoa « » » n 

s s inpedaaoe mm m n 

On the assunption that the ourrent and TOltage in a 
telephone line are sine waves let them be represented by I and f 
respeotiyely at any point in the line. Then if distanoe is meas- 
ured toward the transmitting end of the line and power is flowing 
in the opposite direction the ourrent at a point oloser to the 
generating end by a distanoe, ^1 has a greater yalue than I by an 
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5 
aaotmt equal to the yeotor sum of the oharglag otirrent and leak- 
age ourrent* Similarly the Toltage at this point is greater than 
B h7 an aaount e^ual to the inpedanoe drop over the diatanoe^l. 
Let ^Z and aB repreem&t the inorements in oxurrent and TOltage re- 
epeotirely OTor the dietanoe Al. Shna using the yeotor method of 
notation the following equations oan be set up,- 

Al ' B(f 4 J1))a1 

aB - Z(B 4 jx)^ 
DiTiding by Al 

Jtl. . B(« * jb) 
Al 

.^ . I(E + jx) 

Al 

How if Al is taken infinitely small the above equations 
reduee to the form, 

-^ • B(a + Jb) (1) 

-^ • I(B ♦ jx) (8) 

Taking the seoond deriTative with respeot to 1 the following 
equations are obtained,- 



i!^.. *L (q ♦ Jb) (2) 

dl^ dl 

*^1. . iL (R + ix) (4) 



"dl* dl 

Substituting equation Ho.B in Ho.S for ^S_ the equation for £ 

01 dl 

beoomes, 

-2-|- - J (B ♦ Jx)(q 4 Jb) (6) 



Digitized by 



Google 



Digitized by 



Google 



Similarly substituting lo.l in Ho.4,- 

^ - ? (4 ♦ 4D){E 4 ix) (6) 

t 

How (44 jb) is the Tsotor sxpression for admittaaoo 

and (B f jz) is tlis veotor oxpresslon for impodaneo thus 

y • q 4 ^b 

» • R ♦ jx 

Substituting in equations Vos. 6 and 6 

ah 



dl 



15. 



dl 



»?y (8) 



Equations Ho.s 7 and 8 are first degree equations of the seoond 
order and are solved by letting 

I - As""^ (9) 

where A is an arbitrary eonstant, e is the base of natural loga- 
rithms and H is a oonstant. 

4J-.A(.M)e-» 



*^^ «iMV"l (10) 



dl 

Substituting Ho.s 9 and 10 in Ho. 7 the following equation resxilts 

AM^e-"^ - Ae-"l«y 
m2 - ly 

M « ±Vfy (11) 

thus the auxiliary equation has two roots -^ySf and 

-yif and ; « Aie*"'?y ^ and J - Ags'^iy 1 are particular solutions. 
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Tli«n the general solution is, 

I s A^e*^ 1 ♦ Age-VfT 1 (18) 

Similarly it oan l)e shoim that the equation for 9 is, 

S - BxeV?7 1 f Bge-Viy 1 (18) 

It is now neoessary to evaluate the constants A^, A2, B^ and Bg* 



Befering to equation Ho. 1 

4| 1 . H -L 
* "ET WTTST " dl y 



(14) 



Differentiating equation Ho* 1£ with respeot to 1, 

H « AiVfy e-Vfyl* AgYff e-V?f 1 (15) 

dl 

Substituting equation Ho. 15 in Ho. 14 

9 . »|5AieVfy 1 . Age-Vlf 1) (16) 

How when 1*0, that is at the reoeiTing end of the 
line, the ourrent is |o*i^^ ^^* voltage is Eq the values of Iq and 
So depending on the oonstants of the receiving apparatus. Shns 
from equations Ho.s IB and 16 the following equations are obtained 
when 1^0 

Jo - Ai ♦ A£ (17) 

?o -^I^Ai - A£) (18) 

Solving the above equations for A^ and Ag it is found that, 

Ai = i(¥oy| ♦ ^o) (19) 

Ae ' i(|o - ¥0)^) (80) 

By a similar method it is found that, 

Bl = mo§ * 9o) («1) 

BE.5i(?o - lo-jS ) (8«) 

How substituting equations Hos. 19 and £0 in Ho. 1£ 
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8 
and substituting Hos. £1 and ££ in Ho. IS, 

? - *<?o + io# )«^ ^ t i{?o - loVy )»'^ ^ <«*) 

fhese last two equations glTS ths oorrent and Toltage 
at an7 point a distance 1 from the reoeiTing end of the line, hut 
the equations in their present form are symbolic expressions and 
do not permit of oaloulation heoauae of the exponential faotors. 
So to make the equations of praotioal Talue the exponential terms 
must he reduoed to a form whloh will permit of oaloulation. 

Shen 

^2 ♦ £jor/3*^8 - ?y (£6) 

f - B •»- jx 

7 « 4 ♦ J* 

Therefore, 

f y - (R ♦ Jx)(q ♦ 3h) 

■y-- Rq <f JBh i Jxq - xb (£7) 

Substituting Ho. 27 in No. £6, 

c<8 « J£««/9 - /9£ - Rq > xb t JRb ♦ Jxq 

Equating the real terms and the imaginary terms, 

o<2 ■ ^a^ - Rq - xb (£8) 

£«/3- ■» Rb + xq (£9) 

Bquations Hos. £8 and £9 are two simultaneous equations 

^by means of whieh values for oc and ^ oan be obtained thus,- 
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squaring both equations, 

4f^ - ( ♦BD ♦ xq)^ 
and talcing tha aim 

^ f £«^^ f /3* - (Rq - xl))2 f (♦Rl) ♦ xg)« («0) 

w 

Bzpanding the right hand term of equation Ho* SO there reaulta, 

(Rq)^ - SRqxb ♦ (xl))2 t (Rh)2+ BRbxq ♦ (xq)^ • 
(Rq)8 ♦ (xb)* + (Rbf ♦ (xq)^ • 
R2(q« * b«) ♦ x«(b2 ♦ q«) - 
(r2 ♦ x^XqS ♦ b^) 
Vow (r8 ♦ X*) - 8^ and (q^ ♦ b^) - yS ^i^en a and y are 
absolute values of Impedance and admittance and not Teotor quanti- 
ties* Substituting in equation Ho. 30, 

«^ ♦ Z^(^ tp* - s^jf^ (31) 

(o<4 <f ee<^/3^ f (3^) is an exaot square, so extracting the square 
root of both sides of equations No. 31 there obtains 

a<^ f f3^ ' ay (3£) 

Vow by means of equations Bos* 32 and £6 values of «< 
and (3 can be obtained, 

o(^ +/9* = »y 
oC^ -/9^ = Rq - xb 

*< "^("y ♦ Rq ^ 3cb) (SS) 

/3 = yi(ay - Rq f xb) (34) 

The equations for current and Toltage at a distance 1 
from the receiving end of the line are respectively, 
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10 



? • ♦(?0 * iS^ )•'** * ^"'^ ♦ ♦(9o - isi^ )•-*"* ^^'^ (86) 

It now rdiBains to obtain a aolution of e^ "* * ^^^^ 
which does not contain coaplaz •zpoHtats. It can ha shown that, 

e"^ is .a real nimher, hut a^^ has no arithmetical sense » so 
another form mast be sought which will permit of calculation. 
Expanding e^^ by Haclauren's formula it. becomes, 

low, 

1 = 4 

Substituting in the abOTC 

ja ' mi^ Mii^ mi^ , ^ 

Expanding C08/31 and sin/31 by Maclauren*s theorem, 

00. /31 - 1 - i^ , iSH* . iSH^ (40) 

'^ IS. U. It " ' 

.^^,.-a.im\m^ ux) 

Ifultipying both sides of equation Ho. 41 by j 

l.in^X. f -Jjfi^ifi' .«. 



taking the sum of equations Hos, 40 and 4£, 
cos 



px,,-i-/>-wf -^'-^'^f^*-- '«' 
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' It 18 8«en that the right members of equations Hoe* 43 and 99 
are equal. Therefore, 

eJ^l . 008/31 ♦ Jsinpi (44) 

Similarly it can be proTed that 

e-J/'l - 008/91 i' i 8in/31 (46) 

Therefore, 

gca f J/Jl , o«l( 008/31 4 J 8in/3l) (46) 

e""^ - ^^^ m •"*^( 008/31 - J 8ln/31) (4T) 
Sttbatituting equations Hos. 46 and 47 in Bos* 25 and 86 

I = *Uo ♦ 9oyr)«'*^<oo8 /^l <■ J 8in/31)* i(Io - BojC)e-«^(oo8/a - 

j 8in/31) (46) 

? • *<?o ♦ lo)f)e'*^<«08/9l f J 8in/3l) + i(Bo - ;oy|)«"'^(oo8/91 

- j 8in/3l) (49) 

To simplify the equations still further it is neoessary to determ- 
ine Y« in terms of oonstants h and E 



Let 



Then 



/i - h t jK (60) 



|- = h^ t JBhK - K* 



(61) 



I • ^ * jv (68) 

Rationalising 

R ♦ Jx _ (R 4 3x) q - Jb _ Rq ♦ Jqx - pb ♦ xb jg^j 
q ♦ Jb (q ♦ Jb) q • Jb q^ ♦ b^ 

q2 t b^- ^ (64) 
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ffherefore substituting 

h« ♦ JEM - k« - »^ * 3^'J ^^ ♦ '^ (66) 



Squat ing th« real terms and tha Imaginary terms, 

7« 



j,«.K«= ?<:«"' (ee) 



enK • <* %°* (ST) 



(h* - «hV , t*) . "<'" * ' T* * "*'' (B8) 



Squaring equations ITos* 66 and 67 

ttV. (fl')' - y * """ " ,69) 

Saking the sum, 

h* 4 Eh^KC t b:4 . (Rq)^ (xb)g 4 (qx)g . (Rt)2 j^^, 

The ri^t hand member of this equation reduces to, 

(Bq)^^ (xb)g4 iQx)^* (Bb)g , (b2* xg)(q8» b^) , «V ^^^j 

Substituting Ho. 61 in No* 60 

1|4 ♦ Bh8K2 4 K*« ^ (6£) 

Taking the square root of both sides of Ho. 6E 

b2 ^ k2 . 5J (63) 



HowsolTing equations Nos. 66 and 63 simultaneously it is found 
*^*» , L (Rq 4 xb 4 gy) 



j^.^(M_±^-HL) t64) 

Google 



x.^^SEE^Xizr (66) 
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13 
low the equationa for det«rminlag tho T«otor expreaslona 
of oorrent and roltage at any point in a lina at a diatanoa 1 
from .the reoelying end of the line- are given in their aimpleat 
form aa followa*- 

? - itio ♦ ?o )e'*^(Q08 /31 + J Bin /31) t *(;© © r-^^) 
h ♦ JK h -I- JK 

e"*^(ooa i91 - J 8in/3l) (66) 

? '^ ?o ♦ ?ofl» ♦ ^)) ••*l(oo8 /31 ♦ J Bin /3l) ♦ 

i^o - lo<J^ ♦ JkJ e-*l(ooe^l - j 8in/31) (67) 

▲ summary of the aquations used in determining the 
eonstants of equationa Hos. 66 and 67 

oc yiHsy ♦ Bq - xb) ( 68 ) 

/3- 1^(«7 - Bq 4 zb) (69) 

h« jVKiy ♦ Bq ♦ xb) (70) 

K - ^f^ By - Bq - xh) (71) 

Equations Ips* 66 and 67 might be reduoed to a slightly 
more simple form by means of the following substitution, - 

If the line terminates in a telephone set as shown in 
Pig* 1 then the Toltage at that end of the line is equal to the 
ourrent multiplied by the Impedanoe of the telephone set, thus 

Bq « I^(ri t Jxi) (78) 

where r^ and zx are the resistanoe and induotiya reaotanoe re- 
Bpeotiyely of the telephone set. Then substituting in the equa- 
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14 
tlons for the ourrent and Toltag* the following equations are 
obtained, 

? • *^^o ♦ i o[^/jgf ^ ••'^(oog /31 O Bin /31) ^ 

i(|o - Ioij!^-i^^)*"'*^( 008/31 - J ein/Jl) (73) 



? z itiofti ♦ J3Ci) ♦ (h ♦ JK)} e"'l( 008/91 t J sin /3l) ♦ 

i Io{(ri ♦ Jac^) - (h ♦ Ji:)}e-*1( 008/31 - j 8in/91) 

(74) 

in examination of equations Nos. 73 and 74 will bring 

out several interesting features. It is seen that the ourrent in 

the line oonsists of two oomponents* whioh will he oalled the 

^InooAing" ourrent and the "refleeted" ware of ourrent. fhe 

n 
expression "ineoming ware of ourrent means that the power is flow- 

t 

ing toward the reoeiving apparatus and "refleoted ware of ourrent" 
means the power is flowing from the reoeiving end of the line 
haek toward the generating end* It is also seen that the Toltage 
oonsists of two oomponents, one whioh oauses the "ineoming wave 
of ourrent" to flow and the other oauses the "reflected wsts of 
current" to flow. 

fhus the current and Toltage equations may be written, 
I « I' ♦ I" (76) 

e e e 

B . E* f 9" (76) 

where | ' and I ' ' are the incoming and reflected wares of ourrent 
respeotiyely and 9* and $'* are the TOltages whioh cause the 
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16 
inoomlBg and reflected ourrentp to flow. 

I* mil k t'lL-l_522) m^i oo« /31 f j sin /31) (77) 
8 \ h f JK / 

|.. . 1| 6 - illjj^) e-<^(co8/31 - j 8in/3l) (78) 
* V (& ♦ JK) / 

'' -^f '1 ♦ J^i^* <^ ♦ JKje*^(ooe/91 ♦ J ein/n) (79) 

B" - if-^n ♦ Jxi) - (k ♦ JK)}e-^( 008/31 - i sin/31) 

(80) 

It is seen that the expression for the inooming ware of 
current. Ho. 77, consists of three faotors, a constant, the rari- 
able exponential factor and the expression, ( cos ^ ♦ j sin/3l). 
Vow the yalue of the constant, 

lo C ^ iiiUsJLl 

"T ^ *jrrwrj 

depends on the oonatanta of the reoelTing apparatus » and on the 
line oonstanta* The exponential faotor, howerer, is the one which 
determines the value of the inooming current at any point in the 
linoe As 1. the distance from the receiving end of the line» in* 
creases the term e^ increases e Hence the incoming wave of cur- 
rent becomes greater, the greater the distance from the end of 
tlie lince She rate at which the Incoming wave of current increas- 
es depends on the value of the constant oCe Consequently this con- 
stant is called the **attenxiation constant" of the line, and as 
shown in equation No* 33 
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The factor (oo9/3l f J sln/91) do«« not in any way 
affftot the ahaolute value of the Incoming wave of current, but 
eimply determines the position of the current rector, with refer- 
ence to the current Tector for 1 equals to sero. (cos/31 t Jsln/31) 
as a multiplier, rerolTes the rector in a ootmter clockwise direc- 
tion and by the time/31 becomes etfthe incoming ware of current 
has passed through one ware length. Hence is called the**ware 
length constant" because the ralue of^ determines the length of 
one ware. Thus if A represents ware length, 

A^^ (81) 

What has Just been written In regard to the inooming 
ware of current might be repeated for the reflected wave of cur- 
rent except for a few modifications. The equation for the re- 
flected ways of current is shown in Ho« 78. Here it is seen that 
the constant term is less in magnitude than that of the incoming 
wave of current e She exponential texm enters in the denominator 
and hence as the distance from the receiving end of the line in- 
creases the reflected ware of current decreases e The factor, 
(ccs/31 V j sin /31) reTOlYes the reflected current Tector in a 
clockwise direction opposite to the direction of rotation of the 
incoming current Tector. 

A clearer idea of the equation showing current at any 
point in the line can he gained by plotting a vector diagram, as 
shown in ?ig. £1 At the receiving end of the line, 1 is equal to 
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17 
sero, and the Inooming wav« of oturrent is e^ual to the o one t ant 
term. 



• - 2 f * (h t JK) / 



She aecond component of the enrrent, ref looted weto of 
otirrent, at the end of the line is equal to the constant term, 



e I (h f JK) J 



In the diagram the inooming and reflected wayee of 
oturrent at the reoeiring end of the line are shown hy the Teotors 
I^ and Iq' respect irely and the total current, ^o ^^ that same 
end of the line is shown to be the rector sum of I^ and I^' • 

Vow suppose it is desired to find the current at some 
point, (1), in the line a distance 1 from the receiYing end. Con- 
sidering first the incoming wave of current, it is seen from 

equation No. 77 that the value of this component at point (1) is 

«<l 
the product of the constant term and e • So taking the product 

of the current vector I J and e**^, the length of the inooming cur- 
rent vector at point (1) is determined. The direction of this 
vector is determined by the term (cos/^l t J sin/91). Thus mul- 
tiplying the vector I^ by (cos/31 ♦ J sin/Jl) merely revolves 
that vector through an angle /31 in a counter oloclcwise direction. 
How the length and direction of the incoming current vector at 
point (1) has been determined and is shown in Fig. £ as Ij^ • 

Similarly the magnitude and direction of the reflected 
current vector at point (1) is determined by taking the product 
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18 
of |^'« e**^ and th« term (oosy^l ^ j ein/31). It is 8««n that 
the t«rm 9'**^ causae the magnitude of the raflaotad wave of cur- 
rant to daoraasa and the term (ooa/'l ^ j aln^l) rarolTaa tha 
▼aotor through an angle y^l in a olookwlee direction * Iha reflect- 
ed current rector at point ( 1 ) is then ahonn by tha yector li ' • 
She total current in the line at point (1) ia than tha yector sum 
of Ij^ and !{' and ia ahoim aa l^» Likewise the current at other 
points in the line can be determined. 

A similar diagram might he constructed which would show 
the rector relations of tha roltage components hut all that has 
been said in regard to the current diagram holds good for a rolt- 
age diagram. 

How in Fig* S if sereral points are chosen and curres 
drawn through tha anda of tha rectors it is seen that tha incom- 
ing ware of current increases ets the distance from the reeeiring 
end of the line increases or rather, as the distance out from the 
generating end becomes less, and it is seen that the reflected 
ware of current becomes lass* It mast be bom in mind that these 
ourres are really three dimension curres plotted in two dimensions. 
fhus any point on the curre shows tha magnitudea of the current, 
the phase relation of the current with reference to the current at 
tha and of the line and the distance from the reeeiring end of 
the line* If the curre could be plotted in three dimensions, it 
would resemble rery closely the curre of a conical spiral spring. 
Shesa current and roltage ourres will probably be better under- 
stood by refering to the discussion of the actual curres for tha 
line. 
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19 
ihxm far th« two ooxsponents of th« eurrent have boon 
roferrod to as tha inooming and raflaoted wayes of eturrent. It 
lias also been said that the inooming wave of ouxrent is that oom- 
ponent of the total onrrent ware whieh la flowing from the generat- 
ing end to the reoeiving end of the line and that the refleoted 
wave of current is that oomponent which flows from the receiving 
end toward the generating end of the line. Furthermore it has 
been shown that the voltage consists of two oomponents, one of 
which canses the incoming current wave to flow and the other of 
which causes the reflected current wave to flow. However, an yet 
nothing has been given which proves that the refleoted current 
wave is flowing back toward the generating end and therefore rep- 
resents lost power. In the derivation of the current and voltage 
equations it was assumed that power w»s positive when flowing 
from the generating end of the line to the receiving end. Hence 
power flowing from the receiving end of the line back toward the 
generating end will have a negative sign. Therefore, to prove 
that the incoming current wave is flowing from the generating end 
of the line and that the refleoted current wave is flowing toward 
the generating end it moBt be shown that the incoming current wave 
represents positive power and that the reflected current wave 
represents negative power. 

Vow if the escpression for the current of the incoming 
wave is written, 

r . ii t Hz 

and the voltage causing the Inooming wave of current to flow is 
expressed 
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then th« power will be 

P* . eiii t egig 
where P' is the power represented hy the inoomlng onrrent ware. 

SiBllarly the refleeted ourrent wave and oorreeponding 
Toltage ean he expreased, 

B" - eg ♦ Je^ 
end the power represented hy the reflected oturrent wave will be 

How the proposition resolves itself into one of proving 
that P* is a positiTS quantity and that P*' is a negatire quantity. 

Referring to equations Vos. 77 and 79 

I. . iof , iZlJLJ!liLoa(oos y3l t i sin>^l) 

B' - l^-jCri ♦ ixi) 4 (h f JK)}e'^(oos/3l ♦ i sin/31) 

the factors e and ( oos /31 4 J sin /31 ) do not in any way af f eet 
the sign of the power, so oan be dropped, (r^^ 4 jz^) and (L.-t JK) 
are veotor quantities. Henee the following substitutions ean be 
made. 

Let (ri f jzi) . m(oos fll 4 J sin ^) (84) 

(h 4 ^) - n(oos 4 j ain e) (86) 
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SuTxatituting in ttquatione 

Z' «A t S<ooe ^ * i Bin |()(008 - j sin O^li 

E' s^Coos ^ f j 8ln ^) f n(eo8 G f j sin 0^|^ 

I' - j(l ♦ SooB ^ 008 9 i- Ssia (^ 8ln e) * j(§8in jl( oos e - 

lo 

1' m({mooB •> n 008 e) f jCmsin ^ «> nslnQl |£ 

Now «8 stated prevloiUBly tlio power l8 equal to the stub 
of the produots of the real terms and the j^ terms* 
Therefore, 

p« s i£.|[moos ^ 4 neos t § oos^^oos 9 •» moos ^ oos^O 

2 

4 § sin ^ oos ^ sin t msin sin oos 0) - 



I sin 008 ^ ^0 



4(^ sin^^ 008 f m sin ^ oos sin 9 - ^ sin 
008 sin ^ - m sin^e oos ^)j 

P' 3 4^'(moo8 4 noos ^ ^ oos 4 moos 0(oos'^e • 

• sin^O) f emsin oos e sin 0| 
P* - "^jnoos e t §008 4 moos oos 20 4 msin sin £0 



4 moos 



^} 



Digitized by 



Google 



Digitized by 



Google 



8£ 

low b(oo8 ^ 008 EG * Bin f6 Bin £0) - miooBifi - 80) 
tad b(oo«(^ - £0) t noo8^ « £moo8()tf - 0) oos 
Ihereforo, 

P' « 4 rai t § •» £moo8(^ - oj} 008 e) 

low tho faotor 2, Aoes not in any way affeot the algn of P* ao it 
ronains to ba ehown that the expreaaion mi -» i^ -f £inoo8(^ - oloos^ 
is a poaitiye quantity. For this to be true the anglee (^ - 9) 
and rnaat not be greater than t 90^ nor leaa than - 90^. 

low from equation No. 84 it ia seen that 

^ - tan-1 ^ 

n 

T^^ umat always be a positive quantity but z^ may be either posi- 
tive or negative. Henee the extreme limits for fi are f90® or -90^. 

Prom equation No. 85 

-1 K 
s tan -^ K 

from the manner in whiohhi and E were derived they must both be 
positive quantities. Hence may vary from 0^ to 490^. 

low the 008 must always be positive but 008(jZ( - 0) 
may be a negative quantity. Taking the extreme ease when 

oob(^ . Q) is equal to -1, the expression 

_£ . 
n t ™ f £moos(0 - 0) 
n 

beoomes, 

m^ * (n - m) 

whieh is a positive quantity. Therefore, sinoe all the terms of 
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th« power equation most be poaltlTe it follows that the power 
represented by the ineoming ourrent nrast always be positive and 
henoe the ineoming wave of ourrent is flowing toward the reoeiy- 
ing end of the line. 

By a similar method it oan be shown that 

P* ' s z|^n - I t 2moos(^ - o} oos o) 

Here it is seen that the term -^n - § t &meos(0 - Qf must al- 
ways be negatiTe whereas the pther terms are always positive. 
Henoe the power represented by the refleoted wave of ourrent is 
negative, whleh means that it is flowing away from the reoeiving 
end of the line. 

The oonolusiens drawn from the foregoing proof, briefly 
stated, are that the ourrent wave at any point in the line oon- 
sists of two oomponents flowing in opposite direotions and that 
the voltage at any point in the line oonsists of two oomponents 
aeting in opposition to eaoh other. Furthermore the power repre- 
sented by the refleoted ourrent wave is lost power. 

It might be well at this time to give a stmmary of the 
equations and the way in whioh they pertain to telephone lines. 



'} 



? 4 * %fi^ •"'""" ^^ *' •^■"^' 



I (h+ »)) 



, io (l » ''}_ ' ^'I'i .-*1 (00. /91 - ) slnySl) (86) 
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5 . i£ /(r^ ♦ Jx^) ♦ (Ik t JK^a'^^i 008/^1 ♦ j 8ln/31) 

t h. {(rj^ f jxj^) - (Ji t JK)}«'*^ (ooe /n - J eln/91) 



I_o f. .- . .- .-c^ -<^ 

2 

(87) 



*^« ViH«y ♦ Hq - xb) (88) 

/3-y^(«y - Rq ♦ xb) (89) 

h« j/i-dy + R4 t xb) (90) 

K • yySK«y - B4 . xb) (91) 

low for ideal telaphonio tranamiaalon tha wave sent out 
from tha traasmlttlng and of tha Una must travaraa tha Una 
without ohanging in amplituda or form. 5hat ia tha wara must not 
ha attantiatad nor diatorted. If tha wava ia attanuatad than tha 
sound hoard at tha raoaiving and has leas Toluma than tha sound 
mada at tha tranamitting and of tha lina« If tha wava ia distor- 
ted it affeots the quality of the sound heard at tha reeeiTing 
end of the line. 

In the e3Q>res8ion for the attenuation eonstant. 



«< = V^^ «y t Bq - xb ) 
suppose that q ia zero. This is the eondition whioh would exist 
if the inaulation of tha line is perfeot. Then y equals b and 

o( sy-i^b(« - x) 



Digitized by 



Google 



Digitized by 



Google 



86 
Substituting b = ETTtC 

Then 

o< r yWCCV^TT^ (9£) 

Vow the wares transmitted orer a telephone line are non- 
•innsoidal wares* That is eaoh ware may be ea^ressed as the sum 
of many sine wares of different frequencies, thus 

u « U^sin ti>t ^ U£8in(S<dt «o() i U3Sin(3wt to() etc. (92) 

where u is the instantaneous ralue of the ware and U^i^, U£» and \S^ 
are the maximum ralues of the oomponent sine wares* <x, «</ etc*, 
show the phase relations of the harmonies, and <o is equal to Si^* 

From equation No* 98 it is seen that the attenuation 
oonstant is dependent on the frequency, waves of high frequency 
being attenuated more rigoroiisly than wares of low frequency* 
Suppose a ware of the form expressed by equation Ho* 99 Is trans- 
mitted orer the line* Each sine oomponent of that ware is attenu- 
ated a different amount, the higher harmonios being attenuated 
more than the lower ones* Thus the ware reaching the reoelring 
end of the line will be of considerably different shape from the 
wsTs «8 it was sent out from the transmitting end of the line and 
it will also hare a smaller amplitude* 
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Vow attenuation in itself is not harmful unless it is 
exoessiTS beoauae the sending ourrent oan he made suffioiently 
large to oarry oyer long distanoes, but the unequal attenuation of 
the rarious sine oomponents of the ware is harmful in that it dis- 
torts the ware to suoh an amount as to ohange the quality of the 
sound transmitted* It is this unequal attentwtion of the oompon- 
ents of the ware ifhioh limits the distanoe of telephone transmis- 
sion. 

From an inspeetion of equation Ho. 92: it is seen that 
attenuation is dependent on the frequency of the ware transmitted, 
and on the resistance , eapaoity and induotanoe of line. It is 
also dependent on the leakage but that has been assumed sero. Hov 
the frequeney of the transmitted ware depends on the Toioe fre- 
quencies and oan not be controlled. If the resistance of the line 
could be made sufficiently low as to be negligible then attenua- 
tion would be null, but this method of overcoming attenuation 
would be Tory ezpensire one and hence can not be employed. There 
remains* then, two ways in which the attenuation constant can be 
decreased, either decreasing the capacity of the line or increas- 
ing the inductance. 

In equation Ho. 9ft expand yR^ •» (2irfL)^ by the bi- 
nomial theorem, 

o A A 

How if 2TrfL is large in comparison with B the last terms become 
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negligible. Henoe, 

.2 



{(Z^tL)^ . e8] * , £m( 1 . I j^ (94) 



Substituting in etuation Ho. 98 



- {8')* 

^« iYi 



(95) 



Here it is seen that attenuation is independent of the 

fre^uenoy and henoe all oomponents of the waTe are attentuated 

an equal amount. Therefore « as the ware progresses along the 

line it decreases in amplitude but dees not in any way ohange its 

form. It must be bom in mind that in the dsriration of the abore 

fonmla the oonduotanoe was considered lero and the inductance 

was considered large in comparison with the resistance. Hence, 

the fonnla, 

R 




^' 8 yi 

Is not exact but does approach very closely the actual conditions 
in a line of high inductance and good insulation* 

It has been shown that by Increasing the inductance of 
a telephone line attenuation can be decreased and that waves of 



Digitized by 



Google 



Digitized by 



Google 



ee 

all freqii«xioi«8 will be attenuated proportionally. It now re- 
mains to determine the relatire raluea of the line constant a Khleh 
will glTO the least attenuation and distortion of the wares. In 
the formula 

oi *y!H«y ♦ Bq - xb) 

Substitute for i and 7 



oc ="/i(Vfe^ f X Vft^ ♦ b* 4 Rq - xb) 

Hew as stated aboTe, the minimum Talue of << obtains at 
same ralue of Induotanoe. To find this ralue of Induotanoe it 
Is neoessary to take the first derlTatire of ^ with respeot to x 
whioh is £?rfL. and to solve J; " 

^ = *(^*(v6^T7V?Tb^ + Rq - xb)} -fc{(4* f b^)* 

i(R^ * x*)^ £x 4 - b}) 

' %ii^ I I«)* J ■ ](i(VR^ * X W A^ ♦ HI - xbf 

Setting equal to sero 

(q^ 4 b^)*x = (R* 4 x^)*b 

q2x2 t b^xfi - R^b^ 4 x»b2 

q^x^ s R^b^ 
qx m Rb 

R X 
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Subetltuting for x and b» SirfL and £irfO reapeotirely, 

R . 1 
I C 

T - CR 

fhie last aauation la the one for a diatortlonlesa line. If 

1»e substituted in the expression for attenuation, 

i — CR 

oc 8 YRq when L « ~ 

It is seen here that the attenuation is entirely inde- 
pendent of the frequency and henoe all wares are attenuated a 

proportional amount ^ Therefore, the best ware transmission ob- 

CR 
tains when L « — e It was on this prinoiple that Professor 

4 
Pupin derised the soheme of inserting artifioial induetanoe at 

certain intervals along the line thus orercoming to a large extent 
the distorting effect, ih^ fact that in aerial lines the con- 
ductance, q, raries with leather conditions makes it Impossible 
to determine the exaot amotuit of inductance required to gire the 
best results. 

After it was found that by increasing the inductance of 
a telephone line, speech transmission could be improred, it became 
necessary to find a suitable means of increasing the line induct- 
ance. Many methods were eaperimented with but they all prored to 
bs failures nntil Professor Pupin brought forih the method of 
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apaoing loading eolla at certain pre-detaminad pointa* Whan 
loading eoila, whioh are aimply wlra wound induct anoea with iron 
ooraa, were plaoad at a fav pointa in the line it waa fotmd that 
the tranamiaaion of apeeeh waa made woraa than without the load- 
ing oeila. fhia waa dua to the reflaotion of the warea between 
the ooila. Thla ia analogoua to rope faatened rigidly at one end 
to a wall. If a wftre ia made to trareraa the rope by giring the 
free end an up and down moyement it will be found that when the 
wave reaohea the wall it will be reflected back again and inter- 
fere with the auoceeding wavea* Howerer, it ia poaaible to ao 
time the incoming ware that the reflected ware will have the aama 
phaaa poaition aa the incoming ware and hence will not oauae any 
interferenoe. On thia principle Profeaaor Pupin deyeloped a for- 
mula for the correct apaoing of loading ooila. 

Let d s diatanee between two adjaoent loading ooila. 
A • ware length. 

^ ' angular diatanee between loading ooila. 
ETT - 560® 



Then 



87r 



It waa ahown in equation Bo. 81 that 

Sherefore, 

d - ^ 
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Vow In aa unloa&ed line the Induotanoe la tmlformly 
distributed over the length of the line but In a loaded line this 
is not true because of the induotanoe oolle being inserted at 
points along the line. If the artifioial induotanoe oould be 
inserted in the line in suoh a manner as to be uniformly distri- 
buted over the length of the line the wave refleotion between oolls 
would be entirely OTeroome and the loaded line would be equira- 
lent to an unloaded line of the same induotanoe. But as stated 
above it is impossible to Insert artifioial induotanoe uniformly 
henee a loaded oonduotor is not equivalent eleotrieally to an tin- 
loaded line of the same induotanoe. Professor Pupin found that 
the degree of equivalenoe between a loaded oonduotor and an un- 
loaded oonduotor of the same induotanoe Is as the ratio sin ¥ 
to ^ . Thus the best transmission of speeoh is obtained when, 

or substituting for ^ » ^£^ 

^ ird ird 

But this oondition would neeessitate having sero distanoe between 
oolls or In other words a uniformly distributed induotanoe. How- 
ever in praotloe the distanoe between the oolls is usually made 
about one-tenth the distanoe of a wave length. The degree of 
equivalence in this case is 

sln(O.lir) . .509 _ 933 
.ITT .314 

This means that a loaded oonduotor Is eleotrloally equivalent to 
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an xmloaded conduotor of the aaioe Induotanoe to within 1«7 ^« 

How it haa hean ahown^ thaoratioally^ how the tranamia- 
aion of warea oyer a telephone line can he improred by inoreaa- 
ing the induotanoe of the eonduotora. It haa alao been ahown 
that the refleoted ware meana a flow of power haok toward the 
generating end of the line and a greater loaa of power in the 
line for a given power delivered than would ooour if l^e refleo- 
ted wave were elimihated. Therafore^ if a meana oould be em- 
ployed i«hioh would eliminate the refleoted wave or at leaat 
reduoa it to a negligible amount^ the tranamiaaion of apeeoh 
would be greatly improved. She moat feasible way to bring 
about the elimination of the fefleoted wave is to effeet a 
ehange in the terminal oonatanta of the line« 

In equation Ho« 86 it ia aeen that the eonatant 
faotor of the Inooming wave ia 






and for the refleoted wave 



2 ^ (h ♦ jK) J 
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CHAPTER III. 

The Bttermlxiatlon of the lermlnal Constants* 

In the preceding ohapter it has been shown that the mag- 
nitude of the reflected wave is determined hy the relative values 
of the line constants and of the terminal constants* While the 
line constants t with exception of the leakage conductance, can he 
determined by calculation, the terminal constants, that is the re- 
sistance and inductance of the receiving station, can only be de- 
termined by measurement* More over, since the hysteresis and eddy 
ciurrent losses in the iron and the magnitude of the vibration of 
the receiver diaphragm all vary with the frequency, the receiver 
circuit cannot be regarded as a circuit of fixed resistance and 
inductance. She equivalent resistance and inductance of the re- 
ceiving circuit must be measured at frequencies of the same order 
as the important voice frequencies* She most important voice 
frequencies have been found to be between 600 and £000 cycles per 
second, hence it is at these frequencies that the equivalent re- 
sistance and Inductance must be found* 

The first method used for securing frequencies of the 
same order as the Important speach frequencies was to separate the 
non -Sinusoidal wave of an alternating current generator into its 
various sine components or harmonics* In order to separate the 
various harmonics from the fundamental ^ the generator selected, 
a three phase star wound machine, was connected to transformers, 
as shown in Fig* 3* In this figure three single phase transfor- 
mers, having their primary windings connected in star, are shown 
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How h anA E are line oonstaats but r-^ and x^ flire oon- 

stants of the terminal apparatus. In the expreaelon for the 

constant term of the reflected waye it oan be seen that if 

-1 l3t eould be made equal to unity the reflected wave vould 

h f jK 

hare a sero value. However, a difficulty presents itself in that 

th. t.1. '!♦ i;i ..» ».t D. ..d. .(.al to »nit7 .t .11 f>.,u.n- 
h t JE 

oies. r^, z-j^, h and E are all dependent on the frequency. Since 
in telephone transmission the frequency of the waves is constantly 
changing it is practically Impossible to eliminate the reflected 

wave by making 'l "* ^'l equal to unity. However, there is some 

h « jE 
certain value which would give a reflected wave of the least 

value* 

Consider a line whose constants are so proportlonad as 
to give the least attenuation of the waves. That is 

a 
o» bR 

Substituting these values in equations lies. 64 and 66 for ", and 
E and solving 

h=-^ 

E » 

Here it is seen that both h and E are independent of 
the frequency in a distortionless line. Substituting in the 
expression for the constant term of the reflected wave 
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Sow If r^, the reaistaaot of the terminal apparatus, 
and Xj^t the reaotanee, vere InAepenAent of the frequenoy it woulA 
be a simple matter to eliminate the reflected waye, \>ut euoh la 
not the case a However » It can he seen that It^ and Xj^ oan he 
given values which will produce the minimum reflected wave* 

To sunmariae briefly, it has been shown that long- 
distance telephony has been hampered by attenuation; distortion 
and reflection of the waves # Loading colls are serving their 
puxrpose in overcoming, to a large extent » attenuation and dis- 
tortion of the waves e Furthermore their are several different 
types of terminal apparatus which reduces the reflected wave to 
a minimum but as yet no apparatus has been discovered which will 
entirely eliminate the reflected wave* 
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oonnaoted to the three terminals of the star woimd generator. 
The neutral point of the etilr oonneoted transformers Is also 
eonneeted to the neutral of the generator. . The secondary eolls 
of the transformers are' shown oonneoted In delta with the delta 
oonneotion closed through the circuit whose resistance and Induct- 
ance Is to be measured. An examination of the, voltage relations 
In the open delta circuit will show that the fandamental has been 
eliminated between the ends of the open delta, since the sum of 
the Toltages In a three phase delta connection Is sero. This Is 
shown clearly by Vlg. 4. In Fig. 4, e^ Is the voltage wave In 
phase one, e^ the TOltage wave In phase two, displaced from e^ by 
1£0°, 9q shows the yoltage wave In phase three, displaced from e^ 
by £40^. At any Instant, then. It Is seen that the snm of e^ and 
*o ^" a^tial and opposite to e|^, hence the Toltage across the delta 
Is aero as far as the fundamental Is concerned. Now to show that 
there are higher harmonics In the delta. In Vlg. 4, e^, e^^, e^, 
are the fundamental yoltages as explained abOTC, e^ is the third 
harmonic corresponding to e^. and et and e^ are the third harmon- 
ics corresponding to e^^) ^'^^ *c i^ttsp^otlvely. It Is readily seen 
from this figure that the three waves representing the third 
harmonics, e^ , et, e^ of the three fundamentals e^, ei), Cq, are 
In phase and that the total voltage Is the sum of the three, 
fhls can also be shown as follows 

Let e^ sin 3<ot s Yoltage of third harmonic In phase 1 at any 

Instant 
el sln0((i)t ^ 1£0) " Yoltage of third harmonic In phase £ at 



any Instant. 
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and 

•^ ainZitot t £40) « Voltage of third harmonlo In phase Z at 

any Instant. 
Adding glres. 



e^ slnSwyt t e^ sin ^(^>t t 1£0) t e^ sinS(«Jt 4 £40) 



or 



e^ slnStdft •» e^ sin 2((<>t «« 360) <i^ e^ slnSCtjt 4 7fi0) 

whloh Is 

^•a ** •h ♦ •o^ ®^ ^*** 

Thus It Is seen that the third harmonlo Is present and has a yalue 
equal to the snm of the values In all three phases. Similarly It 
oan be shonn that the ninth and all other harmonies which are 
multiples of three are present » If they are present In the non- 
sinusoidal wave. The oonneotlon as shoim In Fig. 8 then glTS a 
means of separating the fundamental from the narmonlos of higher 
frequeney. 

In the preoedlng paragraph a method has been glTen for 
separating ; the fundamental from the higher harmonies. An exami- 
nation of the wave in the open delta connection showed that only 
the third and ninth harmonios were of sufficient magnitude to be 
measurable. Hence this method would give frequencies no higher 
than 540 cycles per second, the fundamental being 60 cycles. 
Howerer, it was thought desirable to make measurements with the 
frequencies obtainable by this method, so a means of separating the 
third harmonic from the ninth was devised. The method used was 
to make the circuit resonant for the desired harmonic. If the 
circuit is resonant for one harmonic the impedance to the other 
will be so high that the current which will flow will have a very 
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small ralu* in oomparison to tha ona for which tha oiroult is 
rasoaant. If, then, tha condition ElTfL > ^t;^ is folfillad 
for ona harmonic, tha yalua of tha currant in tha ettouit will ha 
larga for this harmonic in comparison with tha othar. Thus a 
means of separating the third and ninth harmonic is ohtainad. 

The highest frequency i to be obtained from the non- 
sinnodial ware of tha generator which could be used for the pur- 
pose of measurements was 540 oycles. It is necessary, however, 
to secure higher frequencies. These higher frequencies were ob- 
tained from the Yreeland Oscillator connected as shown in Pig* 5* 
Befering to the figure J> represents a mercury arc rectifier rated 
at £0 amperes,! 10 Tolts. a and ;b are the two positire electroCes 
and a the negatira electrode and s the starting electrode, con- 
nected by mercury as shown. X and J are two similar inductance 
coils and 6 is a 1£0 volt battery. M and N are two similar colls 
of low resistance, is a variable capacity and P is an inductance 
coil of a few turns of wire. Tha connections are as follows. 
9rom the positive side of the battery a lead is carried through 
a resistance which limits the flow of current. Trom this resis- 
tance leads are carried to the two similar Inductance colls 9 sod 
f . Prom the Inductance coil B a lead is mn to electrode a and 
from coil P to electrode. b. The circuit from the battery is com- 
pleted through electrode e to the negative side of the battery. 
Prom the starting electrode s a lead is mn through a single pole 
switch and resistance to the electrode b. This completes the 
connections for what will be called the I).C. circuit. The clr- 
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oult.oontainlag the ooila M and I will ba called the A.O. olroult 
and la oonneoted aa followa. Bleotrode b la oonneoted to the ooila 
M and H, theae aoila being in parallel in auoh a manner that the 
flux whioh any onrrent in them produoea ia in the aame direOtion 
in both. Che other enda of the ooila M and I are oonneoted to 
the oondenaer and ia oonneoted to eleotrode a* fhe oonneo- 
tiona of the ooil P will be esqslained later* Now the aotion of 
the oaoillator ia aa follows. So start the aro, the tube ia 
tipped tintil the meroury from the ohamber around eleotrode o 
oomea into oontaot with eleotrode a, the atarting eleotrode, whioh 
haa been oonneoted to eleotrode b by oloaing the awitoh. When the 
tube ia tipped baok again the meroury drawa away from eleotrode 
a and an aro forma between the eleotrode a and the meroury. Thia 
aro oontinuea to paaa between the eleotrode a and the meroury 
until the atarting awitoh la opened » when it jumpa to the eleo- 
trodes a and b. Sinoe the ooila B and F have the aame realstanoe 
and the dlatanoe from a and b to the meroury are the aame, the 
current from the battery will be equally diylded in the two bran- 
ohea, henoe the eleotrodea a and b will take the aame ourrent. 
If, however, the aro ahould more towarda either of the eleotrodea 
a or b, a small dlatanoe the patha from the eleotrodea to the 
meroury will no longer be the same and henoe the ourrent taken 
by the aleotrodes will be different. The ooila E and F tend to 
keep the ourrent the same and henoe the exoeaa of ourrent taken 
by one eleotrode must go through what haa been oalled the A.C. 
olroult, that la the olroult oontalnlng the field ooila M and H 
and oapaoity 0. The flow of ourrent through the field ooila sets 
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up a fliuc through the oolla. This flux passes throu^ the 
Bsotlfler tube and oauses the aro stream to he hlovn still further 
toward the electrode from which the greatest current comes. This 
oauses itlll more current to flow through the A.O. circuit. When 
the condensers In the A.C* circuit become fully charged no more 
current will flow through them and the current must again be 
equally dlTlded between the two electrodes. When the current Is 
equally dlTlded between the electrodes a and b there Is no differ- 
ence of potential between the electrodes and haye nothing to pre- 
Tent the condensers from discharging. When the condensers dis- 
charge an excess of current flows through the electrode that had 
the least before. She process Just described aboye will then be 
repeated for this electrode. At first one and then the other 
electrode carrying an excess of current. Shis process will be 
repeated as many times per second as the constants of the circuit 
will permit. Thus by proper proportioning of the inductance and 
capacity the frequency of the current In the A.O. circuit can be 
made to yary oyer a wide range. With the apparatus used for the 
os<}illater described aboye, the limits between whioh the frequen- 
cies could be yarled was found to be 500 and 1600 cycles per 
second. 

She preceding paragraphs haye giyen the methofts deyised 
for securing currents tf frequencies which are of the same order 
as the ioqoortant speaoh frequencies. It now remains to show how 
these high frequency currents were used for making the desired 
measurements. For frequencies as high as 600 cycles per second 
the method used was to take oscillograms of the current through 
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the apparatus and the Toltage aorosa the apparatus where resist - 
anoe and Induotsnoe was to he measured. At frequencies higher 
than 600 the yihrators of 'the oscillograph reflected such a nar- 
row beam of light and the length of one ware length was so small 
that the oscillograms taken were not satisfactory for making meas- 
urements* Hence oscillograms were taken only for the frequencies 
helow 600 cycles per second. For all frequencies above 600 the 
alternating current bridge method was used. 

In making measurements on the resistance and inductance 
of the telephone apparatus by use of oscillograms a General 
Slectrio Oscillograph connected, as shown in 71g« 3 was used. In 
this figure the open ends of the delta are shown connected to the 
circuit made resonant for the desired harmonic. She resistance 
in series with the resonant circuit is shown shunted by a circuit 
a« b, c, d, which contains the apparatus to be measured, and a 
Tibrator of the oscillograph. The vibrator in this circuit then 
shows the current flowing through the apparatus to be measured. 
The circuit a-b-c-d is shown shunted by a second circuit b-e-e 
containing vibrator No.E and a variable resistance. This second 
vibrator then shows the voltage across the circuit b-c. If then 
an oscillogram be taken of the current and voltage as shown by 
the vibrators, it will show the phase relations of the current and 
voltage. Then if the value of the current and voltage be known 
the value of the equivalent resistance and inductance can be found 
In order to know the value of the ounrent and voltage, the vibra- 
tors must be calibrated so that a given deflection represents a 
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certain known oorrant* The oalibration of the ribrators is 
obtained by means of the oonneotions shown in ?lg. 6. 

Vijbm&9r / Vibrtctor g. 



I 



/=i}¥reK 



It 

4 



I 



f 



<^ 



She Tlbrator and % Toltmoter of known reelstanoe are oonneoted In 
series and tlien oonneoted to the pwwer supply from which the our* 
rent for the measurements Is to be taken. The current through the 
Tlbrator and voltmeter la given by the reading of the voltmeter 
divided by the resistance of the circuit. Then If an oscillogram 
be taken of the deflection produced by the known current, the 
current i^lch will cause one Inch deflection can be determined 
and hence the current represented by any other deflection can 
readily be determined. If now oscillograms be taken with connec- 
tlcns as shown In Fig. S, the deflection of Tlbrator Ho .3 will 
give the current In circuit b-c and the deflection of vibrator 
NOe S will give the current In circuit b-c*e. The current through 
b-o*e« multiplied by the resistance of leads 1,2, and 2, and the 
resistance R and the resistance of vibrator No. E will give the 
voltage across circuit b-c. Hence the oscillograms give the value 
of current and voltage and If there Is any phase displacement be- 
tween the current and voltage It will also be shown. Hende the 
values of the equlvllent resit ance and Inductance can be found. 
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Whan tha fraquenoy was higher than 600 oyoloa, it was 
then neoeasary to reaort to the A.G* bridge « Flg« 5 vhowa the 
connect ions uaed with the bridge meaaarements« Bridge A in this 
figure Is an A.O. bridge having two equal reslstanoes on opposite 
sides of the bridge, one oonneoted to eaeh power leadt The other 
sides contain the unknown induct anoe and resistance^ as a reoeiyer^ 
and a yariable capacity bridged across a Tarlable resistance. A 
telephone receiver is connected across "' aL and b of the bridge. 
The resistance of the receiver was found by balancing the variable 
resistance against the receiver resistance. The Inductance was 
found by balancing the variable capacity against the ^taoiuctance* 
When both were balanced the current through the balancing receiver 
was 8ero# This method is independent of the frequency and hence 
should be very accurate. To prove that this method is independent 
of the frequency, 

Let, L « unknown Induct ance-henrys 
B • unknown resltance 
Bq^ - known resistance^ .^ 



Then 





C - known 
500 


capacity- far ads 

1 


r 


V 


JUtrfc 

goo 



Clearing of fraotlons* 

860000(5 i JfiWfC) -fit JEirtX 

Equating real and imaginary terms, 
£50000 X I » B 
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E60000 X eirfO - £trfL 

Iher«for«, 

L * S500000 s 0.S5C where C is In m.f • 

Shii8 all fre(iuenole8 ean be balanoed out with this bridge. This 
method was used in making measurements on the reoeiyer, the ooil, 
and the oomplete telephone set. It did not, however, give any 
idea of the frequency. Bridge B, ?ig» 5, was used to determine 
frequencies. Two resistances of 1000 ohms each wer^ placed in the 
upper branch of the bridge. In the lower branch were placed a 
standard inductance of 100 milli-henrys and a Tariable resistance 
and capacity. A telephone reoeiyer was connected between the 
upper and lower branches to detect the balance. The equations 
for the bridge are as follows: 
Let L - standard inductance in hen)!^rys 

C - Tariable capacity in farads 

R • resistance of standard inductance 
R]^ • Tariable resistance 

w » frequency 



Then, 



1000 . . 1000 
R ♦ j^rL - 1/wC) -TT 



Clearing of fractions 

lOOO(Ri) - 1000(R t JwC - J iRT-) 
Eqtiating real terms and imaginary terms, 

Rj^ - R 

^' "^ 

therefore , « 

irCL = 1 
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" Eirver 



Thus by balancing the bridge and noting the value of the oapaoity, 
the frequency was obtained. The frequencies were determined for 
oertain values of capacity in the ▲.C. circuit with a certain 
current from the battery* The current was then held constant and 
the value of the capacity changed to secure different frequencies. 
After making determinations of the frequencies, with various ca- 
pacities in the A«C« circuit, the same frequencies could be ob- 
tained when desired by placing the required capacity in the clr- 
ouit. Hence, it was necessary to make but one determination of 
the frequency for each value of capacity inserted. 

Methods of Computing Results. 

fhe calculations fo the resistance and inductance was 
made from the oscillograph records in the following manner:- A 
calibration curve was taken with a known current flowing throu^ 
the vibrators of the oscillograph. This known current, the volt- 
age shown on the voltmeter divided by the total reslstaace of the 
circuit, produced a given deflection of the beam of light. Such 
a calibration curve is shown dlagrammatlcally in Pig. 7, The 
total deflection I on this curve then represents two times the 
maximum current In the vibrator. The maximum current, however, 
is the current calculated from the voltmeter reading times the 
square root of two, Ijjj » I^fjf x yT . Each inch of deflection then 
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reprt8«nt« « certain ourrent whioh Is giy«n tj the equation 

1 inch « T amperee. 

t double deflection 

the double deflection is the distance from the peak of the wave 
aboTC lero to the peak below* Then to find the current represen- 
ted by a ware of some other height, as in curre S, Fig* 7, it is 
only necessary to measure the distance from the top of one loop to 
the bottom of the next and multiply by the Talue found for one 
inch* This will gire two times the maximum yalue of the current* 
Then to find the true effeotiye value it is necessary to divide 
by two times the square root of two* She equation for finding 
the effective value of a current from a wave having a double de- 
flection as 1-^, curve C, Vig* 7, can be e:Q>ressed in this way. 

BffotiT* I l/fejud h, 

i double deflection SyE 

double deflection 

When the vibrators have been calibrated in this manner, the cur- 
rent represented by any deflection can be found. ¥he current 
flowih|£ in the two vibrators is then determined for the curves 
taken with the apparatus to be measured in the circuit. The value 
of the current In the current vibrator gives the vUue of the 
current in the receivers while that in the voltage vibrator gives 
a means of measuring the voltage* This voltage is then the cur- 
rent, in the voltage vibrator, multiplied by the total resistance 



Digitized by 



Google 



Digitized by 



Google 



Ffg. 7 




Digitized by 



Google 



Digitized by 



Google 



47 
In the oirouit. In Fig* 8 this reslstanoft la, loaAs 1, £, S» the 
reaietanoe hox, and vihrator No« £• With thia TOltaga determined, 

and the onrrent through the apparatoa being known, the Impedanoe 

E 
of the oirouit ia s • y. Vow if the phaae angle were known, the 

reaiatanoe and reaotanoe oould be eaail'y found for 

R "Z'ooa G and X « 2 ain where, 

ia the angle of phaae differenoe. There are two methoda of 
determining thia phaae angle. Curve £ Fig. 7, showa two wayea, 
not on the aame aero line, whoae maximum defleotiona are nearly 
equal and whioh are out of phaae by aome amall angle. If oorrea- 
ponding pointa on the ourrea be projeoted to the aame aero line, 
the diatanoe between the pointa will be a meaaure of the phaae 
differenoe. That ia 



^ Di aplaeement on aame aero 
Phaae differenoe . 8600 Length of 1 oyole. 



line 

Length of 1 oyole < 



Thia method ia, however, not aeourate when the wave length ia 
small, henoe another method w^a deyiaed. Shia oonaiated of draw- 
ing two parallel linea through oorreaponding aero pointa of the 
ourrea. Theae linea will be tangent to the OTirve for aome diat- 
anoe, for the ourrea are nearly atralght, oloae to the axia. Then 
the phaae angle ean be found in thia way. Meaaure the perpendiou- 
lar diatanoe between the two aeta of parallel linea, aa distanoda 
a and b, Fig. 7, and the angle the linea make with the axia. Let 
d. Fig. 7, ta»dthe phaae diaplaoement . Then 

d(on the left) « ^^5^' tL ^ 
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mhBv i l8 the angle between the parallel lines and the zero line 
and m is the distanoe between eero lines. Also, 

dionth. right) •■^* ;S5T 

Adding the Talues of d, 

^M a ^ h 

^* • iiT? iiT? 

Therefore, . 

* ■ esln i 

The phase difference, then Is the same as before. 

"»«• •°*^» » - LTOgth of 1 oy.1. » »«°'' 

If, though, th« lower wave was so low that it always fell below 
the upper, the distanoe d on the left woiad be d 

b 



d - - 



sin ji ♦ m 008 JZf 



and the resultant d would be 

a -- b 

* ■ Esln 

When th&s phase angle has been found the reslstanoe and reaetanoe 
of the apparatus being measured ean be found from the eq^uatlons as 
given above e 

B ■ 8 008 and x • s sin 

this reslstanoe, however, gives the reslstanoe of the ourrent 
vibrator as well as of the reslstanoe, henoe the reslstanoe of 
the ourrent vibrator and lead six must be subtraotede The result- 
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aat reslstanoe Is then the resistanoe of the apparatus* In all 
these tests there were twenty pleoes of apparatus, in parallel. 
In the eiroult* Shown as reoelvers In 71g. 2* The reslstanoe of 
each would then be twenty times that determined aboye. The re- 
aotanoe obtained above is next used to obtain the induotanoe from 
the formula, 

X ■ ETTfL 
where L is the induotanoe and f the frequenoy used. This L must 
also be multiplied by 20 to obtain the Induotanoe of one pieee of 
apparatus* Thus by use of the osoillograph the reslstanoe and 
induotanoe of the apparatus was determined with fair aoouraoy. 

The reason for the use of twenty pleoes of apparatus was 
that the yalue of the ourrent taken by one, under average tele- 
phonio oonditlons, would be too small to oaase an appreolable 
defleotion of the yibrators. The ourrent taken by twenty oould, 
howerer, be easily measured* When measurements were made upon 
the oomplete telephone set, there were not suffiolent transmitters 
on hand* To oompensate for the transmitters a oonstant reslstanoe 
equal to the average reslstanoe of a number of transmitters was 
inserted in the olroult. This would oause but slight errors 
because the variations in reslstanoe of the transmitters would 
average to approximately the value used* 

The method used in making the bridge measurements 
differed greatly from those used with the osoillograph* As stated 
before satisfaotory oscillograms oould not be obtained at frequen- 
oies higher than 600 cycles per second. In the bridge method the 
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high fre^u«no7 ourrent w^s obtained from tht induotion coil shoim 
in Pig. 6* The apparatus to bo measured was plaoed as shown by 
th« reoeiTor in Pig. 5. When there was no sound in the balanoing 
reoeiTer the bridge was balanoed and the equations 

R - 86000 . 

and ^ 

L s 860000 C 

gave the yalues of the induotanoe and reslstanoe of the apparatus 
being measured. The reoeiver, the ooil, and the telephone set, as 
used in praotioe, were measured in this manner. 

The frequenoy was determined by use of bridge B, Pig. 6 
The eapaoity used in the A.C. oirouit of the osoillator was grouped 
in groups of about 8 mioro-farads eaoh. The bridge was set ;up 
onoe and readings taken ont the frequenoy with yarious groups of 
oapaoity in the oirouit » the ourrent being oonstant at all times. 
Haying onoe determined the frequenoy resulting with a oertain group 
oapaoity in the oirouit, the same frequency oould be obtained 
at any time by simply using the same value of oapaoity. Thus it 
was neoessary to make but one determination of frequency, which 
was obtained from the equation of the bridge derived previously. 

1 

The range in frequency was from 600 cycles to 1600 cycles. Inter- 
mediate steps were used, the steps being about 800 cycles. 
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CHAPTER I?. 

Sample Calonlations, Tabulated Besiata 
and Curres. 

Oseillograph Heaaurements* 

To illustrate the methods used in computing the resist- 
ance and induotanoe of the apparatus consider Fig. 18, which is 
an oscillograph record of the current and voltage of twenty re- 
oeirers connected in parallel. It was first necessary to cali- 
brate the current and Toltage ▼ibrations. The calibration oscil- 
logram is shown in Fig. 8. 

By measurement the double deflection of the current 
curve Fig. 8 is 0.5£&'*. 

Voltmeter reading - 31 TOlte. 
Voltmeter resistance - 998 ohms. 
Frequency • 176.6 



4 peak amT>eres. 

•f double deflection " ^ 

gl it_ 

61 
F 



1 inch s 



1 inch - ^^J- ^Tgjg - 0.167 peak amperes. 



Similarly it is found that one inch deflection on the voltage 
curve is equal to 0.176 peak amperes. 

From the oscillogram of the receivers. Fig. 12 the 
following measurements were made. 
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Double defleotlon of ourrent ourva • l.VS" 
Double deflection of Toltage curve - l.ee" 
Length of one cycle or 360® - 0.96" 
Distance - a (See Fig. 7 ) . 0.13" 
Distance - b (See Pig. 7 ) « 0.03** 
Angle - (See Pig. 7) = 81^16' 
frequency • 8 x 58.5 - 175.5 cycles per second. 

To calculate the angle by which the current lags behind 
tlie voltage* 

. , ,, a - b - 360 

Angle of lag - gg^j^ q » length of 360© 

.13 - .03 360 

X 



£ X .9884 .95 



s 190 12 



1 78 X 167 
Value of current « gy| ' s .106 amperes, 



Talue of current through voltage vibrator equals 

^'^l^ '^^^ ' '^^^ amperes. 

Then the voltage across the receivers, lead Ho. 3 and 
current vibrators is equal to the product of .103 and the resist- 
ance of the leads 1, Z, and 3 plus the variable resistance. (See 
Pig. 3) 

Voltage =.103 x .905 
- •93S volts. 
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Tha impedanoe of the twenty reoeivers ooxmeoted In 
parallel, lead 6 and the current vihrator ie 

■^ .105 
8 m 8^85 ohms 

R s 2 008 

Z B ss sin 

R - e«85 008 19^ IS* « e«36 ohma 

In order to ohtaln the resistance of the receivers alone 
the resistance of lead ^o. 6 and of the current vibrator must he 
subtracted* 

Thus, 6 .36 - .7Z • 7.63 the resistance of twenty 

receivers in parallel; 

7.63 X SO « 16£*6 ohms the resistance of 
one receiver. 



X « 


z Bin Q * 8.86 


z 


sin 19° IE' 


- 


£.91 ohms. 






z . 


£irfL = £.91 






^£0 


£.91 x'lOOO 
■ £7ri76.6 


m 


£.64 mill h 



The inductance of one receiver is then 

£0 z fi*64 = 5£*8 mlli henrys. 

In a similar manner the resistance and inductance of 
the induction coils and telephone sets were determined for fre- 
quencies up to 550 cycles. 
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Calculated Besults from Oscillograpli Records « 



Calibration Oscillograms. 



number Figure Double Double Yolt Volt 

defleo- deflec- meter meter 

number tion tion rectd- resist- 

ourrent T61tage ing ance* 

Tibra- Tibra- Ifolts. Ohms. 
tor.In# tor,Ine 



One in. 
equiva- 
lent 
current 
vibra- 



One in* 
equiva- 
lent 
voltage 
vibra- 



tor » Amps e tor. Amps e 



1 8 .6£6 eBOO 21 998 .1671 .1763 

£ 9 e710 e936 110.5 2506 .1754 .133£ 

Z 10 .695 .8£0 110 £506 .1764 .1510 

4 — .880 leO£ 110 1996.£ .1770 .15£8 

Resistance and Inductance Determinations cf 
Western Electric Receiver* Catalogue £roel43 A. We 

Oscillogram Measurements # 



Number 

of 
Figure 


Calibra- 
tion 
ourve, 
Ntimber. 


Double 
deflec- 
tion 
current 
vibra- 
tor. In, 


Double 
deflec- 
tion 
voltage 
vibra- 
tor. In. 


Length Angle 
of^ e 
860" Degrees 
Inches 


a 
Inohes 


b 

Inches 


Fre- 
quen- 
cy 

cycles 
per 
sec. 


11 


1 


.87 


• 905 


2.1 


68°40' 


.316 


.215 


61.6 


-- 


1 


1.78 


1.64 


.8 


8E®20' 


.105 


.018 


175.6 


18 


1 


1.78 


1.66 


.95 


81^15' 


.180 


.080 


175.5 


-- 


1 


1.08 


l.£46 


.45 


83^20 ' 


.086 


.040 


626.6 


18 


1 


1.06 


1.19 


.£9 


86°40' 


.065 


.035 


626.5 
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Oalotilated Data* 



Figure Calibra* Angle Total Current Resist- Resist- Voltage 

tion of ourrent through anoe of anoe of across 

ITtmber curve Lag of £0 voltage voltage current current 

Number* Deg* recei- vibra- vibra- vibrator vibrator 

vers tors tor cir- plus lead lead #6 

Amps. Amps. cuit. #6 .See & Recei - 

Ohms* Fig. S. vers. 



11 



IB 



12 



1 


10048' 


.0514 


.0561 


7.3 


.93 


.41 


1 


19046' 


.1053 


.1017 


9.06 


.73 


.9S 


1 


1901E' 


.1053 


.1030 


9.05 


.73 


.932 


1 


1809' 


.0639 


.0771 


9.05 


.73 


.698 


1 


24054' 


.0626 


.0738 


9.05 


.73 


.668 



Calculated Data- Continued. 



Total Total Real at- React- Resist- Induct - 

imped- Resist- anoe of anoe of ance of anoe of 

anoe. anoe. BO re- 20 re- one re- onoe re- 

oelvers oeivers oeiver. oelver. 

in para- in par- Ohms. Milli- 

llel. allel. henrys 

Ohms • Ohms • 



Ohms • Ohms . 



Frequency. 



.4.36 

7.98 7.84 

8.72 8.20 

8.65 8.36 

10.92 10.40 

10.68 9.67 



B.C. Resistance 
7.11 1.501 



7.47 
7.63 
9.67 
8.94 



2.950 
2.910 
3.482 
4.490 



87.0 
142.2 
149.4 
152.6 
193.4 
178.8 



77.8 

53.6 

52.8 

21.08 

27.2 



D.O. 

61.5 
175.6 
175.5 
526.6 
526.5 
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IV€6fer/7 £kctnc Irfo/(/cUon Co// 

/Vo.zo 



ngr 



14- 




Pr/mary i^/nof/t?g 

6€Co/7C/ar/ yy//io//f7g 

/Core of Lam /rf a tec/ Iron /f/res 



^^^^^^^^^M^mM^m^ 




...WiiiiiiSii 



ac Remronce - /Vo. of forns ~ D/amefer of mre 
Primary f6./ o/?/?7^s• /70o a o/^<3 " 

Oeconotary ^6 o/ift?^ /'^oo o.oo^es" 

/.g/7^f/7 of co/-e - -^j^" yye/^/7f of core - -s'/i ^/r 



Te/ep/?ofi€ Cof7/7€cf/o/? c/6ecy in 
O^cU/ograp/? J^easoremenfs 



Primary^ 



Secondary 




r/g-is- 



5(f(//i^a/er?/ ai^erage frar?srr?/ffer res/<5toncc 



Digitized by 



Google 



Digitized by 



Google 



f^retgi/f^^^^ ' ^^ 




Inc/ucf/o^ Co/7 O6c///ogram^ 



Digitized by 



Google 



Digitized by 



Google 



60 
Reslstanoe and Induotanoe Determinations 
on the Primary of 
Western Kleotrio Induction Coils, Catalogue No^SO* 

Osoillogram Measurements. 



figure Callbra- Double Double Length Angle a b Fre% 

tion defleo- deflec- of d Inohes Inohes quen* 

Number* ourre tion tion 060^ Deg* oy. 

Number, oturrent Toltage Inohes Cycles 

Tibra- vibra- per 

tor In« tor In# Seo. 



16 


£ 


.66 


1.04 


3.07 44°E0' 


.606 


.1£6 


6£ 


-- 


S 


.88 


1.06 


3.08 39046' 


.55 


.13 


6£.6 


— 


3 


l.£7 


1.EE5 


1.34 69010' 


.4£ 


109 


166.6 


17 


3 


1.E7 


l.£l 


1.41 68040* 


.44 


.10 


166.6 


16 


Z 


1.11 


1.486 


0.££ 86066* 


.06 


.8£8 


499.6 


— 


£ 


1.16 


1.6£6 


0.48 84030' 


.127 


.066 


499.6 


«,. 


£ 


1.6 


£.176 


0.60 86 £6' 


.13 


.06£ 


499.6 
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Oaloulated Data* 



figure Callbra- Angle Total Current Resist- Resist- Voltage 

tion of ourrent through anoe of ance of across 
Niunbere onrve 



lag 



of £0 voltage voltage current ourrent 





Ntunber 


Degrees 


ooils 
in par- 
allel 
Amps. 


Tibra- 

tor. 

Amps. 


vibra- 
tor oir 
ouit. 
Ohms. 


vibra- 
-tor plus 
lead #6 
Ohms. 
Pig. 5. 


Tibra- 
tor, 
lead # 
and 
ooils. 


16 


S 


5£054' 


.0653 


.049 


5.1 


.75 


.16£ 


— 


s 


eflOoo* 


.0546 


.0499 


5.1 


.75 


.1646 


— 


z 


75018' 


.081 


.0664 


8.6 


.75 


.66£ 


17 


z 


74000' 


.081 


.0647 


8.6 


.75 


.666 


18 


£ 


7fi06' 


.0689 


.0671 


14.67 


.75 


.978 


— 


£ 


68036* 


.0714 


.0766 


14.67 


.75 


1.116 


«« 


£ 


69040' 


.098£ 


.10£6 


14.67 


.75 


1.49£ 



Calculated Data Continued* 



Total Total Besist- React- 
imped- resist- ance of ance of 
ance ance £0 coils £0 coils 
Ohms. Ohms* in para- in para- 
llel, lei. 
Ohms . Ohms . 



Resist- Induct- 
ance of ance of 
one coil one ceil 
Ohms. Milli- 
henrys 



Frequency 



.805 D.O Resistance 16.1 



2.86 


1.7£ 


.99 


£.£4 


£.84 


1.331 


.601 


E.61 


6.94 


2.11 


1.38 


6.66 


6.86 


1.887 


1.167 


6.6 


14. £ 


4.36 


5.65 


13.6 


16.6 


6.69 


4.96 


14.64 


16.£ 


6. £8 


4.66 


14. £6 



16.1 




L.C. 


19.8 


114.8 


6£ 


12. 0£ 


1£7.6 


6£.6 


£7.6 


1£7.£ 


166.6 


£3.14 


1£6.£ 


166.6 


7£.6 


86. £ 


499.6 


99. £ 


9£.8 


499.6 


91.0 


91.0 

Digitized by v: 
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62 
Beelstanoe and Induotanoe Determlnatlona 
on Telephone Connect ion as per ?lg. 16. 

Oaoillogram Me aaur amenta. 

Pigure Callbra- Double Double Length Angle a b Fre- 

tlon deflect defleo- of 9 Inohea Inchea quen- 

Number curre tlon tion 560^ Deg- oy. 

Humber current voltage Inohea reea Cyolea 

vlbra- Tlbra- par 

tor In. tor In. 3ec. 



3. £8 60°00' .370 .£80 61.5 

0.81 8£000' .096 .086 166.5 

l.£0 78°00' .140 .1£6 166.6 

0.60 84050* .600 .400 499.6 



19 


4 


1.976 


1.760 


£0 


4 


1.6£0 


1.860 


— 


4 


1.6£0 


1.886 


£1 


4 


1*666 


1.490 
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Caloulated Data. 



figure Callbra- Angle Total Current Besist- Resist- Voltage 



tlon 
Number curve 
Uumber. 



of current through anoe of ance of across 

Lag of 20 TOltage voltage cturrent current 

Deg- tvle- vlbra- vibra- vibra- vibra- 

rees phone tor tor cir* tor & tor, lead 

sets. Amps. cult# lead #6 #6 and 

Amps. Ohms. Se^'lc- telephone 

flg:^cZ sets. 
Ohibs. 



19 


4 


41" 60' 


.1£56 


.0946 


6.56 


.76 


.619 


£0 


4 


40°£0' 


.1014 


.1004 


9.66 


.75 


.960 


— 


4 


40^50 • 


.1010 


.10£0 


9.66 


.75 


.976 


£1 


4 


56°18' 


.0980 


,0806 


19.66 


.75 


1.670 



Calculated Date Continued. 



Total Total Resist- React- Resist- Induct- 

Imped- resist* ance of ance of ance of ance of 

ance ance 20 tele- £0 tile- one tele- one tele- frequency 

Ohms. Ohms. p]^one phone phone set phone set cycles. 

sets in sets in Ohms. Milli- 

paralel parallel hendrys 

Ohms . Ohms . 



6.01 


3.75 


5.00 


5.54 


60.00 


175.0 


61.6 


9.46 


7.£1 


6.46 


6.1E 


1E9.6 


117.0 


166.6 


9.66 


7.54 


6.61 


6. £7 


15£.£ 


119.6 


166.6 


16.06 


lfi.97 


9.46 


18. S« 


£44.8 


61.6 


499.6 
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66 
Altamstlng Current Bridge Measurements. 

As an illustration of the methods used In calculating 
the resistance and Inductance of the apparatus hy means of data 
obtained with an A.C* bridge, consider the first determination 
of the receiver resistance and Inductance. Using bridge A In 
Fig. 4 a balance was obtained by varying the resistance and cap- 
acity. This resistance was found to be 2050 ohms and the capacity 
was .149 micro fards. Thsn the resistance of the recslTsr is 

oqual to ^^QQQQ . 1££ ohms. 
£060 

The inductance in mllll-henrys is 

L - £60 C 

where C is in micro -farads. Then 

L - 260 X .149 

- 37.3 mllll-henrys. 

The frequency was determined by means of the auxiliary bridge B 

fiirilEo 

I s .1 henry 
^ 604 

where C is in mioro-fazAis. 

In a similar manner the resistance and inductance of 
the induction coils and telephone sets were determined. 
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Oaloulated Besolta from Bridge Ueaeurements • 



Western Eleotrlo Reoelver Catalogue No«143 A.W. 



Yariable Variable Besistanoe Induotanoe of Frequency In 

Resistance capacity of Recelv- Becelyer, Cycles. 

Ohms. micro- ers. Ohms. Mllll*henrys 
farads • 



2060 


.149 


122 


67.2 


67£ 


1870 


.122 


124 


22.0 


664 


1690 


.126 


167 


21.6 


846 


1670 


.110 


169 


27.6 


1280 


1426 


.107 


176 


26.8 


1620 


1400 


.101 


179 


26.2 


1626 



Western Eleotrlo Induction Colla Catelogue No. 20. 



Yariable Variable Besistanoe of Induotanoe 

Besistanoe oapaolty one ooll In of one ooll 

Ohms. mloro- Ohms. mllll-henrys 
farads . 



Frequeno7< 



8660 


.608 


29.2 


128 


664 


7460 


.608 


22.6 


128 


716 


7000 


.608 


26.7 


128 


776 


6700 


.607 


42.9 


127 


1060 


4920 


.606 


60.9 


126 


1240 


2720 


.487 


67.2 


122 


1626 



Digitized by 



Google 



Digitized by 



Google 



67 
Western Bleotrlo Telephone Sets. 



Variable Variable Keslstanoe of Induotanoe of 
Resistance oapaoltj telephone set telephone set Frequency 
Ohms. mloro- Ohms. Mllll-henrys. 
farads • 



790 


.24 


316 


60.0 


664 


786 


.218 


940 


63.0 


716 


7S6 


.204 


340 


61.0 


776 


706 


.164 


366 


36.6 


1060 


676 


.149 


370 


36.3 


1240 


660 


.120 


430 


32.6 


1636 



Data for Plotting CnrTes of Resistance 
and Inductance against Frequency. 

Western Electric Receivers Catalogue No. 143 A.W. 

Frequency Cycles/sec. Resistance -Ohms Inductance -mill 1-henryes 
61,6 142.2 77.8 

176.6 
626.6 

672.0 

664.0 

846.0 
1280.0 
1620.0 
1636.0 



161.0 
186.1 


63.2 
24.24 


Oscillogram 
Determinations 


122,0 


37.3 




134.0 


33.0 




167.0 
169.0 


31.6 
27.6 


Bridge Deter- 
minations. 


176.0 


26.8 




179.0 


26.2 
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Weetem Eleotrlo Induction Colls. Catalogue ITo.SO 
Frequenoy cyoles/aeo* BeslBtanoe-Ohms* Induotance-mllll>henry8 



6£.0 
166.5 
499.6 

664.0 

716.0 

776.0 

1060.0 

1E40.0 

1636.0 



16.91 


1S1.2 




26.37 
87.6 


126.7 
90.0 


Osolllogram 
Determinations 


£9.S 


128.0 




33.6 


128.0 




36.7 
43.9 


126.0 
127.0 


Bridge 
Determinations 


60.9 


126.0 




67. B 


122.0 





Western Eleotrlo Telephone Sets. 

Frequenoy oyoles/seo. Reslstanoe-Ohms. Induotanoe - Mllll>henrys 

61.6 
166.5 
499.5 



564.0 

716.0 

776.0 

1060.0 

1240.0 

1635.0 



60.0 


173.0 




130.9 
244.6 


118.3 
61.6 


Osolklogram 
Determinations 


316.0 


60.0 




340.0 


63.0 




340.0 
356.0 


61.0 
36.6 


Bridge 

Det ermlnat 1 ons 


370.0 


36.3 




430.0 


32.5 
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Data for Plotting Ctirreiit and Voltage Ourvee 
of a Telephone Line at Yarioiia Frequencies* 

Iiine Data- 
Two oyerhead wiree epaeed 10** apart. Ko« IS New 
British Standard oonduotors* 

Diameter of Wire - .104" 

R - 1.942 ohms per 1000' loop. 

Beslstanoe from handhook. 
% » sero (assumption) 
L - .01624 ♦ .14 logj^Q 2l 

where D - dist^oe between wires, 
r - radiiLs of one conductor. 

L - .016E4 ♦ .14 log.^ IQ 

10jL04 

£ 

s .016£4 t .14 z S.S833 

- .336 Milli-henrys per 1000' wire, 
s <.€^0 Mllli-honrys per 1000' loop 
.003677 

• 

10810 5: 

r 

.003677 
■" ^ ^^„„ = .00161 micro-farads per 1000 'loop 
2.2833 

At 800 cycles per second 

B-«i«^ 271800 X .67 
1000 

s 3.36 ohms inductive reactance of 1000' loop 
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b - fitrf C - girSOO X .00161 

106 

• 8.08 X 10"^- ■ mhos .... susoeptanoe per 1000' 

loop. 

« ^(1.943)^ + (3.36)^ 

: 8*68 ohma Impedance per 1000' loop. 

7 - "/i^n?" 

.yo + (8.08 X 10-^)» 

s 8. OB z 10"^ nihos sdmittanoe per 1000' loop 

o( ■y-J-Czy ♦ Eq - xb) 

»yi(3.88 X 8.08 X 10-^ f 1.943 x - 3.36 X 8.08 

X 10-6) 



= 10-3 yi( 3.88 X 8.08 - 3.36 x 8.08) 
- 1.46 X 10*' 

/Sryj-Cay - Rq + xb) 

= yi( 3.88 X 8.08 X 10"^- 1.943 x + 3.36 x 8.08 



X lO"**) 



3^Q-3y(§|2& (3^68 t 3.36) 



S 
= 6.4 X 10-3 



h •--/#( ay ♦ Rq + xb) 



6.08 V 



3.88 X 8.08 X 10"^ * 1.943 x + 3.36 
X 8.08 X 10"®) 



^S 



-i2lj8.08 , 

8.08 V"r" ^3.88 4 3.36) 



668 
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7ft 

K » -yiCay - Rg - xb) 

10^ / z 

-q75q Y*(»«8B X 8.08 X 10-* - 1.948 x - 3.56 

X 8.08 X 10***) 

• .^i/i X 8.06(3.88 - 3.86) 
8.08 * 

- 179 

Terminal Constants or Realtanoe and Inductance of Telephone Set 

across the end of the line, 
yrom Curve, Fig.2^at 800 cycles. 

r-^ m 300 ohms 

L « 48 mllli-henrys 

Xj^ - ZirtL^ 

- 2ir800 X 48 

1000 — 

s £41 ohms inductiTe reactance. 
Oonstant Terms of Current and Voltage Equations at 800 Cycles. 

- 2 I (n ^ jK)J 

io L , il3LlJ5L^]e-'*l(cc8/3l ^ jsin/91) 
* ^ (h ♦ jK) J 

B • 1^ Icr^ 4 Jx^) ♦ (h t jK)j e''l(coa/3l + J8in/3l) ♦ 
^ir^ + Jxj^) - (h ♦ JK)] e-'l(co8 /31 « jsin /91) 
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(l + InjLj^) . £ 4 (goo 4 J241)^ 
\ (H ♦ jK) J * (; (668 + jl7»)J 

, C ^(ZOO X 668 ♦ £41 X 179) - JQOO x 179 ^ £41 x 668)) 
r (668)^ t (179)^ J 

, (£47£oo) ♦ j(ioegoo) ., ^,„ ^ ^^^^ 

•It ^„^^^^ ^ -(1 ♦ .617 ♦ J. ££7) 

478000 

■ (1.617 4 j.2fi7) 

/l ^ ^1 •* ^'3. ^ (1 ..617 . ^.£27) 
I L t JK 

s (.483 - J. ££7) 

(r^ t Jx,^) ♦ (1 •» JK) « (300 ♦ J£41) ♦ (668 * J179) 

- (968 * j4£0) 

(ri ♦ ixi) - (L t jK) • (-368 ♦ J6£) 

In a similar manner these constants are computed for 
other frequencies. 



Digitized by 



Google 



Digitized by 



Google 



76 



Table of Constants per 1000* loop Distance. 



rrequenoy 

E > Ohms 

q - mhtDS; 

L - ath 

- m.f . 

X - ohms 

b - mhos 

E - ohms 

y - mhos 

h - 

K - 

ri - ohms 

L-i - m*h« 

z^ - ohms 

h ♦ J£ 
■._ ri*3xi 

(ri4 Jxi)t 



^'1+ 551)^ 
Ih t jKT 



800 

1.943 



.67 

.00161 

2.26 
8.08x10-6 

2,88 
8.08x10-6 
1.46x10-2 
5.4x10' 

666 

179 

200 
48 

241 



v-2 



1000 1200 1400 1600 
1.942 1.942 1.942 1.942 

.67 .67 .67 .67 
.00161 .00161 .00161 .00161 
4.8 £.04 6.88 6.78 
10.1x10-6 18.12x10"* 14.16x10"* 16.17x10"* 

4.68 6.40 6.19 6.996 
10.1x10** 12.12x10"* 14.16x10"* 16.17x10"* 
1.455xl0-2l.476xl0"2 1.48x10"* 1.496x10-6 
6. 68x10 "2 7.96x10-2 9.86x10-3 10.52x10-6 



660 
144 
245 
48 
864 



666 
188 
280 
28 
886 



654 

104.5 

400 

25.5 
218 



651 

98.8 
412 

22.5 
226 



1.517-J.827 1.582-:j.872 1.626-J.217 1.671-J.270 1.694-M18 



.482-J.227 .417.J.872 .264-J.217 .289>J.270 .206-J.418 



968-J480 1005-^406 1026- j408 1054-J416.5 1064-J428.2 



-268- J68 -216-J180 -876-J164 -254-J207.5 -228-^242.8 
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Onrrents and Voltages along the Telephone Line 
at 600 oyoles per eeoond. 

Assume the ourrent at the reoeiTlng end of the line, 

lo • .0002 t JO 

When 1 " 0, at the reoelving end of the line, the in - 
ooming onrrent is expressed, 

i: « is il t ill_lJ5J! s .0001(1,617 f J.EB7) 



•^ £ 



1 (h ♦ JK) 



- .0001517 •» 4.0000E87 
She absolute yalue of the Inooming otirrent equals, 
y( .0001617)^ ♦ (.0000227)^ 
I^ • .OOOISSS amperes 
The reflected ourrent is 

I- -ia/i - <fi_tJsi\ 
•^^ £ \ TTTW) 

n •0001(.48S - j.227) 
« .0000483 - j. 0000287 
■ .0000532 amperes. 

The Toltage causing the Inooming ourrent to flow when 1 - is 



BJ - io / (r^* ixj^) f (L f JK)V 
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B' • .0001 (968 ♦ j480) 
• 

» .0968 * J. 042 
- .1056 TOlte. 

The TOltage eaualng the reflected ourrent to flow when 1 - is 

s .0001(-368 •» J6S) 
c .0378 TOlta 

She Teotor ezpreealons for the otirrenta and Toltagea 
glTe the phase position at 1 ■ 0* Then sinee fil is chosen in 
30^ increments the phase position of the succeeding incoming cur- 
rent and Toltages will be 30^ in advance of the initial current 
and voltage because of the term ( cos /91 t J sin /91 ) • The succeed- 
ing reflected current and voltage will lag 30° behind the intial 
reflected ourrent and voltage because of the term (cos^l •<> Jsinyfll) 

The Absolute values of the incoming current and voltage 
is determined by taking the product of the absolute value at 
1 • and the term cP'^, 1 being determined from/91 « 00°. 60°etc 
Similarly the reflected ourrent and voltage is product of initial 
value and e"***. 
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Data for Ourrent and Voltage Diagrama at 800 Cycles. 



Ijj - .0008 ♦ JO 







Initial Values 


1 r 











Yeotor Ezpreaalons. 




Absolute Values 


' ♦ 




?i = 


.0001617 


♦ j. 0000887 


?i 


« .0001636 amperes 


• 




?i • 


.0968 <f 


^048 




?; 


s .1066 


YOltS 






I" . 

.0 


.0000488 - j. 0000887 


.0 


- .0000633 amperes 






• 


-.0368 


t j.0068 




?s 


. .0378 


TOltS 






Hum- 


1 
Degrees 


Dist- 
ance 
from 
receiv- 
ing 

end. of 
line 
1000 ft 


e-1 

• 


^-ca 


Amps. 
Incom- 
ing. 


I" B' 

Amps. Volts. 
Re- Incom- : 
flee- ing. 
ted. 


Volts 
Reflected 











1 


1 


.0001536 


.0000533 


•1066 


.0378 


1 


30 


96.9 


1.161 


.868 


177 


463 


.128 


323 


2 


60 


198.8 


1.388 


.764 


804 


396 


.140 


881 


3 


90 


891 


1.683 


.666 


834 


360 


.161 


844 


4 


180 


388 


1.769 


.669 


869 


303 


.186 


818 


6 


160 


486 


8.089 


.493 


318 


868 


.814 


183 


6 


180 


688 


8.344 


.487 


361 


888 


.848 


169 


7 


810 


678 


8.700 


.378 


416 


196 


.886 


139 


8 


840 


776 


3.118 


.381 


478 


171 


.389 


119 


9 


870 


874 


3.696 


.881 


663 


160 


.379 


106 


10 


300. 


969 


4.160 


.841 


638 


187 


.440 


.0089 


11 


330 


1068 


4.800 


.808 


737 


111 


.606 


77 


1£ 


360 


1163 


6.640 


.181 


868 


.0000096 


.686 


67 
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Data for Ourr«nt aad Voltage Dlagrame at 1000 Oyolae. 



Ij, . .0002 t JO 



Vo 



Initial Yaluaa 
Taotor Expraasiona 
- .0001689 f J. 0000273 



S' s .1005 4 J. 0406 

.0 

I J - .0000417 - J. 0000273 
E" - -.0316 t J. 012 

a 



Htm- 1 Dlst- 
ber Deg- anoe 

reee receiv- 
ing end 
of line 

1000 fta 



.•^1 





1.0 






Abaoluta Values. 


Vo 


- .0001606 


amperes 


?i 


= .1084 


Tolta 


Vo 


s .0000498 


amperea 


»s 


- .0337 


volt a 



I« !• B* B" 

Aisperf^s Amperes Volta Volts 

e~*** inoom- taflaa- Inoom-refleo- 

ing. taft. ing tal 




1 
2 

3 

4 

6 

6 

7 

8 

9 

10 

11 

12 





30 

60 

90 

120 

160 

180 

210 

240 

270 

300 

330 

360 




78.3 
166.6 
234.8 
313.0 
391 
469 
647 
626 
704 
783 
860 
938 



1 
1.121 
1.268 
1.411 
1.682 
1.773 
1.988 
2.230 
2.606 
2.810 
3.160 
3.530 
3.960 



1 

.891 
.794 
.706 
.631 
.563 
.502 
1446 
.399 
.356 
.327 
.282 
.252 



.0001606 
1805 
202 
226 
254 
286 
319 
358 
403 
462 
506 
667 
636 



.0000498 
444 
396 
363 
316 
281 
251 
223 
199 
177 
163 
141 
126 



.1084 
.1328 
.1487 
.1670 
.1873 
.2100 
.2360 
.2660 
.2966 
.3330 
.3725 
.4170 
.4680 



.0337 

. 300 

267 

238 

213 

189 

169 

160 

136 

119 

110 

.0096 

86 



Digitized by 



Google 



Digitized by 



Google 



81 



Data for Current and YAltaga Diagrama at 1200 Cyoles. 



Iq. .0002 -t JO 







Initial Yaluee 




1-0 










Yeotor Bzprasalons 






Absolute Yalues. 






Vo' 


.0001636 ♦ J. 0000317 




^ 


B .0001667 


amperes. 




?;- 


.1036 


* j.0408 






K 


- .1113 


volts 




I" = 

.0 


.0000364 e J. 0000317 




i; 


s .00004826 


amperes . 




B" = 

.0 


T 0E76 f j.0164 




«s 


- .0321 


volts . 




Num- 
bar 


1 
Deg- 
rees 


Dist- 
anoe 
from 
receiv- 
ing end 
of line 
1000 ft. 


e-^1 


•-^^ 


!• I" 
imperes Amperes 
ineom- refiao- 
ing ted 


B» 
Yolts 
Incom- 
ing 


B" 
Yolts 
refle 

ted. 











1 


1 


4 


,0001667 .00004826 


1 .1113 


.0321 


1 


30 


65.6 


1.102 


.907 




184 


437 


.1246 


292 


s 


60 


131.6 


1.212 


.824 




202 


397 


.137 


266 


3 


90 


197.6 


1.336 


.746 




223 


361 


.161 


241 


4 


^20 


263.8 


1.462 


.677 




246 


328 


.166 


218 


6 


160 


329.0 


1.624 


.616 




271 


297 


.183 


198 


6 


180 


396.6 


1.789 


.667 




298 


269 


.202 


176 


7 


210 


461.0 


1.971 


.606 




329 


244 


.223 


163 


8 


240 


526.0 


2.170 


.469 




362 


221 


.246 


148 


9 


270 


693.0 


2.396 


.417 




398 


202 


.271 


134 


10 


300 


668.0 


2.635 


.378 




439.0 


183 


.300 


122 


11 


330 


724.0 


2.900 


1344 




484 


167 


.328 


111 


IS 


360 


789.0 


3.196 


.311 




633 


160 


.349 


100 
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Data tbr Ourrent and Voltage Diagrams at 1400 Cycles. 



Iq -.0008 ♦ jO 



Initial Values 1-0 
Veotor Bs^ressions. Absolute Values. 



?i 


. ,0001671 t J.0000S7 




^ 


- ,000171 


amperes 




«i 


. .1064 


4- J. 04166 






^i 


s .1134 


▼olts 




• 


= .00003E9 - J. 000037 




Vo 


• .0000496 


amperes . 




• 


3 -.0254 * |.0e075 




B8 


. .0328 


▼olt 




ber 


- 1 
. Deg- 
rees 


Dist- 
ance 
from 
receiv- 
ing end 
of line 
1000 ft. 


e-1 


•--1 


I* 
Amperes, 
incoming. 


I" B' 
Amperes Volts 
reflec- inoom- 
ted. ing 


B" 
Volts 
refle 
ted. 











1 


1 


,000171 


.0000496 


.1134 


• 0328 


1 


30 


66.6 


1.087 


.921 




186 




466 


.123 


302 


e 


60 


113.2 


1.180 


.849 




202 




420 


.134 


278 


z 


90 


170.0 


1.280 


.783 




210 




388 


.146 


267 


4 


120 


226.4 


1.390 


.721 




237 




367 


.168 


237 


6 


160 


283.0 


1.610 


.664 




£68 




329 


.171 


216 


6 


180 


340.0 


1.640 


.612 




280 




303 


.186 


201 


7 


210 


396.0 


1.780 


.664 




306 




279 


.202 


IBB 


6 


240 


464.0 


1.940 


.619 




332 




267 


.220 


170 


9 


270 


610.0 


2.110 


.476 




361 




237 


.239 


167 


10 


300 


666.0 


2.290 


.441 




392 




218 


.269 


144 


11 


330 


626.0 


2.480 


.406 




424 




201 


.282 


133 


1£ 


360 


680.0 


2.700 


.374 




461 




186 


.306 


122 
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Data for Current anA 7oltage Diagrams at 1600 Oyoles. 



I^ - .OOOB 4 jO 



Initial 


Yaluea 


Yeotor Bzpreaaions 




.0001694 4 J. 0000418 


K- 


.1064 f Jx.04£8£ 


H' 


.0000806 - J. 0000418 


18 • 


-.0238 ♦ J. 02428 


B" = 

.0 



I' 

• o 

• 
. 

E" 

• 



Htin- 1 Di8t> 
"bar Deg- anoe 
reea from 

raoaiv- 
ing and 
of lina 
1000 ft. 



»-«l 



1 » 

AT>aoluta vaiuas. 

•0001744 amparaa 

.1147 volts 

•0000618 amparaa 

.08406 Tolts. 



Amparaa. Amparaa* Volts Volts 
a"*^ incoming rafleo- inoom-refleo- 

ted* ing. tad 





1 

2 

3 

4 

6 

6 

7 

8 

9 

10 

11 

12 





80 

60 

90 

120 

160 

180 

210 

240 

270 

300 

880 

860 




49.7 
99.4 
149.1 
198.9 
248.6 
298.0 
348.0 
398.0 
447.6 
497.0 
646.0 
696.0 



1.000 
1.077 
1.168 
1.248 
1.840 
1.440 
1.666 
1.676 
1.806 
1.940 
2.090 
2.260 
2.420 



1.000 
.929 
.868 
.801 
.744 
.692 
.644 
.697 
.666 
.616 
.479 
:^446 
.414 



,0001744 
188 
202 
217 
284 
261 
271 
292 
816 
889 
866 
398 
428 



.0000618 
481 
447 
416 
386 
869 
884 
809 
288 
268 
249 
281 
216 



.1147 

.124 

.138 

.142 

.164 

.166 

.178 

.192 

.207 

.222 

.289 

.268 

.278 



•03406 
816 
294 
278 
268 
286 
219 
208 
189 
176 
168 
162 
141 
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CHAPTSR Y. 
Oonolxuilons* 
BieoTisslon of Gurres and Besults. 

figures es» 88, and £4 of the preoodlng 6hapter» show 
how the realstanoe and induotanoe of yarlons telephone apparatus 
changes with the frequenoy. 

Tig« SE shows the resistance and Inductance curres for 
a Western Blectrlc Becelyer^ Ho# 140 A«W. These curres are 
shown as hroken but in reality they are continuous* The fact 
that they are broken is due to the different methods used In 
determining the points on the curve* The oscillograph was used 
In making the determinations at low frequencies and the bridge 
was used for the high frequencies* Bo satisfactory explanation 
presents itself for the discrepancy between the two methods of 
measurement* At any rate the curves bring out the fact that the 
resistance Increases with the frequency and the inductance de- 
creases with the frequency* The resistance, which Is effective 
resistance^ would be expected to Increase as the frequency in- 
creaseA due to hysteresis and eddy current losses in the iron, 
which Increase with the frequency* The Inductance decreases due 
to the eddy currents set up in the magnet* These currents cause 
a flux which opposes the flux caused by the current in the con- 
ductor and hence decreases the amount of effective flux linking 
the windings* Since the Inductance is directly proportional to 
the flux linkiiig with the winding per unit current it can be seen 
that the Inductance will decrease as the frequency Increases 

because the 
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85 
eddy ourrenta and henoe al0O the fltix set up by the eddy our rents 
are dlreotly proportional to the frequenoy. 

Fig* £S shows the resistance and induotanoe ourves of 
Wester Electric Induction Coil No* 20, with secondary open* A 
ooil of this type is shown diagraimnatically in Fig# 14* An exami- 
nation into the construction of the coil brought out the facts 
as presented on the figure* The core was about one-half inch in 
diameter and was made up of a bundle of annealled iron wires* The 
secondary winding was placed on the core and the primary winding 
oyer the secondary* The primary and secondary windings were sepa- 
rated from each other by a heavy paper, but the layers of secondary 
windings were in no way instilated from each other except by the 
cotton covering on the wire* However, in the primary winding 
every two layers were separated from the next two by several layers 
of paraffins paper* The number of turns on the primary and second- 
ary were found to be 1700 and 1400 respectively* Thus the ratio 
of turns is as 1 to •8e4 * 

The curves of 7ig* &S show that the resistance of the 
coil Increases with the frequency as in the case of the receiver* 
However, the Inductance curve shows the induotanoe to be very 
nearly independent of the frequency, which would be the case if 
the permeability of the iron remained constant and if the eddy 
current loss was zero* As stated above, the oore of , the coil is 
made up of a bundle of annealled iron wires* The wire core^ 
serves^ the same purpose as laminating and hence the eddy current 
loss is a minimum. Thus it would be expected that the inductance 
is almost independent of the frequency* 
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In thl8 oaae the realetanot aad Induotanoe at the low 
freqnenoiea were determined hy osolllogram measurements whereas 
for high freguenoies the hridge was used* However, the discrepancy 
between the two methods of measurement is not as marked in this 
case as it was in the receiver determination* 

rig. £4, called Resistance and Inductance of a Sele- 
phone Set, are not the absolute correct curves of these values. 
In the first place the measurements made at low frequencies were 
with oscillograph and the telephone connections used were those 
shown in 9ig# 15. Ihere were twenty of these connections in paral- 
lel, so the average resistance and inductance of the connection 
was obtained. An artificial resistance of the same magnitude as 
the average transmitter resistance was substituted for the trans- 
mitter. Then this connection. Fig. 15, differs from a subscribers 
telephone set only in that the bell and condenser have been omit- 
ted, from the circuit. The measurements at the high frequencies 
were made with the bridge and were made on a subscriber's tele- 
phone set which contained all the apparatus, receiver, induction 
coil, condenser, bell and transmitter. So from the manner in 
which the data was obtained for these curves it can be seen that 
the measurements made with the oscillograph might not be consist- 
ent with those obtained with the bridge. However, it happens that 
the ctirves obtained by both methods of measurement agree .very well 
80 it must be that the bell and capacity in the telephone set have 
very little effect on the resistance and reactance of the whole 
set. 
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Ihe 8«oond error ie In the induetanoe otirye as deter- 
mined 1>7 the bridge. In the telephone set the condenser is connec- 
ted in parallel with the secondary of the Induction coil so in the 
bridge measurement the inductance determination is not one of true 
inductance but is a determination of some yalue which if multi- 
plied by 8rrf will give the reactance of the telephone set. How- 
aver since it was only desired to know the resistance and reactance 
of the telephone set at various frequencies it was not deemed 
necessary to determine the exact inductance of the set* 

Using the data obtained on the WestezTi Electric Tele- 
phone Set, five diaiprams were constructed* (See Tracings) These 
diagrams show the current and voltage relations in a long dist- 
ance telephone line at frequencies of 800, 1000, 1200, 1400 and 
1600 cycles per second* In each case the line conductors were 
Ho* 12 New British Standard, leakage was considered eero and a 
Western Blectric Telephone Set was bridged across the end of the 
line* 

To understand the use of the diagrams in determining 
the current and voltage in the line and the phase difference, 
consider the diagram for 1000 cycles. The primed symbols repre- 
sent the incoming waves of current and voltage and the double 
primed symbols represent the reflected waves* The symbols which 
are not primed represent the total current and voltage in the 
line. In the construction of the diagrams the total current at 
the receiving end of the line was chosen as the reference vector* 
How at the receiving end of the line the incoming wave of current 



Digitized by 



Google 



Digitized by 



Google 



88 
l8 represented by the vector marked I^ « and the reflected wave 
by the vector Ig • The angle between the vectora I^ and Ig is 
the phase difference between the Incoming and reflected waves of 
current. Similarly at the receiving end of the line the incoming 
and reflected waves of voltage are represented by the vectors E^ . 
and £^ respectively. The phase difference for the incoming waves 
of current and voltage Is the angle between the vectors £^ and I' 
and for the reflected waves the angle between E^ and I^ • Sow 
consider the conditions at some point farther back on the line^ 
say 74 miles from the receivings end of the line. From the table 
in the upper right hand comer of the sheet it is seen that this 
corresponds to point number 6« On the diagram the incoming and 
reflected waves of current are shown by vectors I^ and Ig and the 
corresponding voltages are £^ and Bg. The phase relations between 
the incoming waves of current and voltage and the reflected waves 
of current and voltage are the same as at the end of the line. 
However, the current and voltage waves 74 miles from the receiv- 
ing end of the line do not occupy the same phase position as at 
the end of the line. In a similar manner the current and voltage 
at any distance, up to one wave length, from the receiving end of 
the line can be determined. If the exact distance in miles is 
not given in the table the relations can be found by interpolation. 

The total current and voltage at any point in the line 
can be detexmined as above. For example at the receiving end the 
current is I^ and the voltage E^. At this point the voltage leads 
the current by an angle of about 3S^. Now at a point 74 miles 
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89 
from the reoelvlng end the ourrent and voltage are Ig and Eg 
reepectlvely* Henoe the voltage leads by an angle of about 6? 

Prom an Inepeotion of all the diagrams it is seen that 
they all halie the same general shape « The curves of the incoming 
and reflected waves are all pure lograithmic curves « but the curves 
of total ourrent and voltage are irregular in form* This is to be 
expected since the curves were obtained by taking the vector sum 
of the incoming and reflected waves « Furthermore it will be noted 
that the higher the frequency the greater is the attenuation* 

Now as stated in Chapter II, it is necessary to have 
waves of all frequencies attenuated proportionally and the re- 
flected wave must be eliminated in order to obtain the best trans- 
mission of waves. It was also shown that if the values of the 
constants of the line were so proportioned that 

T . OR 

then attenuation of all frequency waves would be the same* It 
now remains to find a means of eliminating the reflected wave or 
at least to reduce this wave to a negligible quantity* 

From an inspection of all the diagrams it is seen that 
the value of the reflected wave of current at the receiving end 
of the line differs very little for the different frequencies* 
The exact values are .0000533, .0000498, .000048E6, .0000495 and 
.0000518 amperes for frequencies of 800, 1000, lEOO, 1400 and 
1600 cycles per second respectively* It will be remembered that 
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the initial values of the reflected waves of ourrent were obtained 
by means of the expression 






If the factor -II ^ ^^^' oaa be maae equal to unity then the 

'h f SK) 
reflected waye will he entirely eliminated but since r^, x^, h 

and £ are all dependent on the frequency the factor can not be 

made equal to unity except for one frequency. 

In order that the fefleoted wave of the ourrent be null 
the following expression must hold. 



ThTlzT 
Solving, 



(■ 



1 - 'fi * J^') .0 



r^ - h 
xi = K 

Now to apply these results to the line under oonsidera- 
tion. From the diagrams it is seen that the reflected wave has 
the smallest initial value at 1200 oyoles per seoonde This abso- 
lute value is .00004825 amperes. Under^Table of Constants" in 
the preceding chapter the values ot ti, x^, h and K at 1200 cycles 

are, 

r^^ -- 360 ohBUi 

^i - 286 ohms 
h s 656 ohms 
K - 122 ohms 

As shown above r^, the terminal resistance must equal 
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h and Xy t the terminal reaotanoe^ must equal K. Therefore there 
must be an additional resiatanoe of 

666 -* 360 » £76 ohms 

placed across the end of the line* 

The terminal reactance must be 1£S ohms. Since z. is 
286 ohms it is necessary to insert capacity reactance. 

1 



SirfC 



• £86 • 122 - 164 ohms. 



1 
^ * 2irl200 X 164 ^ •^^ micro farads 



How if a resistance of £76 ohms at 1£00 cycles and a 
condenser of .81 micro farads be inserted in series with the 
telephone set across the end of the line then the reflected wave 
will be entirely eliminated at 1200 cycles and will be small at 
other frequencies 

The Insertion of a resistance and capacity in series 
with the telephone set is, however, impracticable for two reasons. 
First the loss in the resistance would be so large that the total 
power transmitted would have to be greater. Second, the inser- 
tion of a capacity in series with the telephone limits the use of 
the telephone to a receiving station, since it will allow no D. 
C. current to pass and hence, cannot be used on common battery 
exchanges. Thus this method is impracticable and must be aban- 
doned . 
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Sinoe the insertion of a oapaolty in series with the 
reoeiving set has proved impraotioal, the only thing left is to 
ohange the terminal apparatus. Pig. S5 shows diagranmatioally 
the usiial telephone oonneotions. 



m^ 



^ 







/vy; /^^ 



Referring to this figure « X la the transmitter with an average 
reslstanoe of 30 ohms^ B Is the receiver whose resistance and 
Inductance vary with the frequency^ C Is a 2 mlcro-fariid condenser 
B Is the ringer or signalling apparatus wotind to 1000 ohrns^ P Is 
the primary and 3 the secondary of an open core transformer^ 
ratio 1 - #e24e The connections are self explanatory « hut a 
word might he said about the connection of the secondary of the 
transformer 9 usually called Induction coll. This must be so 
inserted that the currents from the primary and secondary add up 
in the transmitter e Now If the transformer had such a ratio 
that the Impedance of the telephone set equaled 1$ f Jk, the re- 
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fleoted waves would be sero. Suppose the open core transfoitner 
replaced by one whloh has a oldsed loore and a very low exciting 
current. The impedance of tbe primary circuit would then be the 
impedance of the secondary multiplied by the square of the ratio 
of the number of turns plus the transmitter resistance. Ex- 
pressed as an equation 

»p » 8_ { -P ^ 

.8 ^ 

An investigation into the conditions at 1£00 cycles gives the 
following results :- 

Receiver resistance > 15£ ohms. 
Beoeiver reactance - £06 ohms 

h w 666 ohms 
k - 1££ ohms 
Transmitter Resistance. * 20 ohms. 
With no capacity in '.the secondary circuit. 

Secondary impedance - 156 ♦ j£06 f SO 

• 188 t J206 * 

If transformer has 1-1 ratio the primary impedance is, 

Primary impedance = 18fi ^^ SO t j£06 - £lfi t j£06 
then the ratio of r^ to h is 

fl ^ BM ^ 1 
h 656 3.26 

'^Impedance of transformer assumed negligibl*. 
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and the ratio of x^ to X 

^1 206 1 



K 12£ •SOS 

The ratio of x^ t^ E is thus seen to be approximately 
five times that of r^ to h« Sinoe it is desireable to have the 
ratios the same and equal to one if possible, it can readily be 
seen that such a condition is impossible with a one to one ratio 
of transformation* In order to make the ratio of r^ to h equal 
to 1 the ratio of transformation of the impedanoe must be 



gg6 - go . 3.44 
182 



n- 
/_! 2 666 - 50 

Now to make the ratio of x^ to K equal to 1, the seeondary imped- 
anoe must be v i^p 

-^ s i^^ » Zb.6 ohms 

3.44 '3.4A 

This requires a oapaoity in the secondary circuit whose reactance 
at 1200 cycles is, 

206 • Sb.b - 170*6 
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95 
- 170.6 



10^ 



Eirf X 170.6 



10® 



° " 8irx 1E00X170.6 D'ioro-faradB 
C * •776 mloro-farads 
Iha impedanoe of the seoondary olroult will then be, 
B„ - (16E t SO) ♦ j(£06 - 170.6) 

• 

. 18S •» J26.6 
and the impedanoe of the primary is. 



Then 



ftp-. 3.44(ies t JS6.6) f 20 
» 666 t jlES 

I" - ^0 /i ^ 666 » jl£2 | 
° " e [ 656 + jl22/ 



IJ » 



and 



B; » £0/(666 t J1E3) - (666 f jlE2]} 



B" » 



Henoe the refleoted waves are eliminated at 1200 
oycles* If oonditiona are improved at 800 oyoles and 1600 
oyoles, the changing of the transformers haa added mater ially» 
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At 800 oyoles. 

Resistanott of BeoeiTer « 1E6 dham 

Reaotanoe of Reoeiver " 164 ohms 

h - 668 ohms 

K - 179 obms 

Capacity Eeaotanoe s £55 ohms 

Transmitter Rasistanoe » 30 ohms 

Then the seoondary impedanoe, 

fa c (186 4- SO) "f j(154 - £55) 

- 156 - jlOl 

Bp . 3.44(156 - jlOl) * 30 
r 537 - j348 f 30 

- 567 - J348 

IS -^ A - 66I.:lJ54§] 
8 C 668 4- il79j 

lo 

- -^ 1 - (0.66 - j.697) 



Than 



Than 



s .0001 (.34 * J. 697) 
« .000034 •*■ J. 0000697 
I^ a .0001 (1 + .66 - J. 697) 
• .000166 - j. 0000697 
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S; « £| (687 . ^948) - (668 4 n79) 

« -4 (101 - J6£7) 

■ .0001 (101 - J6E7) 

« .0101 - J.06B7 

SI - io (667 - J348) <» (668 - jl79) 
B 

« i| (1286 - jl69) 

« .0001 (1E36 • J169) 

» •lESe - j.0169 

A oomparlson of the yaltiea of I^ aad E^ at 800 oyolea 
tmder the conditions that the opeh oore transformer Is replaced 
tj one with a closed core and when the telephone set as now con- 
nected Is used shows the following results » 

Ig « • 000034 f j. 0000697 with closed core transformer 

Iq s •0000488 - J.0000E27 with open core transfdrmer 

E^ m #0101 - J •OSS? with closed core transformer 

E^ m .0368 f j#006E with open core transformer 
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There Is a material deoreaee in the values of I^ and 
Eg and henoe this method does produce better results than the 
open oore transformer* Since nothing hut a transfoirmer and a 
capacity were placed In the circuit, the power relations must 
remain the same as before. Since the replacing of the coil by 
a transformer with a closed core added when proportioned to give 
aero reflected wave at ISOO cycles, it remains only to select 
the transformer to be used in such a manner that the best re- 
sults at all frequencies will be obtained. 

As a result of many calculations to determine at which 
frequency the replacing of the open core transformer with one of 
closed core would do the most good at all «»frequency, it was 
found that the transformer should be of such a. ratio that at 600 
cycles the value of r^^ t Jx^ would equal h + jK# Under the con- 
ditions specified the transformer must have a ratio of 



i 



666 - SO 



. y4.09 - Z.OZ 



156 
and the oapaoity to be Inserted in the secondary olrouit must he 

10^ ,CA Hi -iin o 
• 154 - T^ITo ■ 110»8 



EirfC 4.08 



1.81 



When the open oore transformer is thus replaced by one with a 
closed oore and a capacity of 1.81 mioro -farads is placed in the 
secondary circuit, the reflected waves are entirely eliminated 
at 800 cycles and at 1£00 cycles they are reduced 35 %, The 
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power available to aotuate the reoelver remaina the same for 600 
oyoles and le increased to 135 ^ of the value with the open core 
transformer at lEOO oyolee* These conditions at 1600 oyolee are 
foxmd to he improved £5 5^» Thiua this method is an improvement 
over the method commonly used. 

It has heen shown in the preceding paragraphs that there 
are three methods by which the reflected waves can be eliminated 
at one frequency and reduced at others* These methods are;- 
First to insert a capacity and resistance in series i^ith the 
telephone set, Second, to insert a capacity in series with the 
telephone set and use a transformer to make r^^ ^ JZ]^ equal to 
h t jK. Third to replace the open core transformer, or induction 
coil as it is called, by a closed core transformer. The first 
of these methods was found to be impracticable due to the added 
loss of power in the resistance. The second method was found 
impracticable becauseit would btvtised only on a local battery 

telephone* The third method, however, was found to produce a 
great improvement because it eliminated the reflected waves at 
one frequency and reduced them at other frequencies* Thus an 
improvement has been effected by simply replacing the open core 
transformer by one with a closed core having a ratio of one to 
two and two hundreths (1 to 2.02), and replacing the 2 micro- 
farad condenser by one of 1.81 micro-farads capacity. 
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In the preoedlng chapters of this thesis an attempt has 
been made to present in logloal order the steps necessary in a 
study of the effects of terminal constants on telephone transmis- 
sion. In the first chapter a short history of the improvements 
made up to this tlnle and the possibilities still open were given. 
in Chapter II, the equations for the current and voltage at any 
point in the line were derived in detail and discusset at some 
length. The next chapter. Chapter III, gave in detail the methods 
used for securing frequencies of the same order as the most im- 
portant speach frequencies. In this chapter it was also shown 
how the measurements to determine the resistance and inductance 
of the various elements of the telephone set were made at the 
high frequencies required. Chapter IV contains the results, in 
tahul€.r form, of the measurements made and of the calculations made 
to show the current and voltage relations along the line. Chapter 
IV also contains the curves drawn from these tables. 

In this, the last chapter of this thesis, calculations 
are shown which show that the greatest possibility for an improve- 
nent lies in replacing the open core transformer now in use by 
one with a closed core. 
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